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CHAPTER 1. INTRODUCTION 
BACKGROUND 
Orthotropic steel decks (OSDs) have been utilized in many modern bridges. An OSD consists of 
a continuous steel deck plate on top of longitudinal open or closed ribs that pass through 
transverse floor beams. All of these components are joined using welded connections. The OSD 
allows the bridge deck to be integral with the supporting bridge superstructure, resulting in 
increased rigidity and decreased material use, and it provides a highly redundant structure. The 
OSD is lighter in weight, is easier to assemble due to its modular nature, and offers a longer 
service life than other traditional bridge deck systems. These features make it a popular choice 
for long-span, movable, temporary, cable-stayed, and suspension bridges. 
Despite the potential advantages of OSDs, one of the barriers to increased use of OSDs in the 
United States has been the relatively high initial cost of fabrication, resulting from the details 
specified to achieve the desired fatigue performance of the various welded connections in the 
deck. Modern orthotropic decks are usually designed with thin-walled closed (U or trapezoidal 
shaped) ribs and relatively thick deck plates. Each rib passes continuously through a matching 
cut-out in the floor beam web. In many cases, an additional extended cut-out in the floor beam 
web is located under the rib bottom as shown in Figure 1. In some cases, an internal bulkhead or 
stiffeners are used within the rib where it passes through the floor beam as shown in Figure 2. 
The rib-to-floor beam (RFB) welded connection is often labor intensive, which adversely 
impacts the economical fabrication of OSDs. The RFB connection is also fatigue sensitive 
because it is subjected to complex combinations of stresses from wheel loads on the deck. 
 
Figure 1. Illustration. RFB connection with an extended cut-out. 
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Figure 2. Illustration. RFB connection with an extended cut-out and internal stiffener. 
Under some conditions, a fitted RFB connection, without an additional cut-out in the floor beam 
web and without internal stiffening within the rib, is adequate (Figure 3). These conditions 
include the rotation demands on the RFB connection imposed by the ribs as they deflect under 
wheel loads on the deck within the rib span between adjacent floor beams, and the out-of-plane 
flexibility of the floor beam to accommodate these rotational demands. These conditions are 
related to the floor beam web thickness, the floor beam depth, the floor beam support/restraint 
conditions, the floor beam spacing (i.e., rib span), and the rib depth. For example, under 
conditions where the OSD is used as a replacement deck for a bridge with existing transverse 
trusses (or large transverse floor beams), and the floor beam of the OSD is essentially a shallow 
diaphragm attached to the top of the existing transverse truss (or floor beam), the combination of 
the restricted depth of the OSD floor beam with the restraint from the existing transverse truss 
(or floor beam), limits the out-of-plane flexibility of the OSD floor beam, and the fitted RFB 
connection may not be adequate (Figure 4).    
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Figure 3. Illustration. Fitted RFB connection. 
 
          Source: Lehigh University 
 
Figure 4. Photo. OSD floor beam attached to transverse truss. Photo by Joseph Saunders, 
Lehigh University. 
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The fitted RFB connection is often specified as fillet welded with a tight fit between the floor 
beam web and the ribs. Performance of the fitted RFB connection may be affected by the fit-up 
gap between the floor beam web and the ribs. Due to variations in the rib profile during 
fabrication (they are typically cold-bent) and variations in the rib positions on the assembled rib-
deck panels, labor-intensive manual match-cutting of the floor beam web to the ribs of the 
assembled rib-deck panels and/or extensive grinding have been used to achieve tight fit-up. The 
fit-up process can be made more efficient by using an automated measuring technology to 
measure the as-fabricated rib profiles of the assembled rib-deck panels, followed by automated 
match-cutting of the floor beam web to provide tight fit-up. The fitted RFB connection is 
particularly amenable to automated fabrication since it does not include a cut-out termination on 
the rib wall with a complex welded joint, and it has potential for continuous, automated fillet 
welding.    
When conditions do not permit the fitted RFB connection to be used, an additional extended cut-
out in the floor beam web under the rib bottom is often used. The primary purpose of the 
extended cut-out is to accommodate rib rotations when the stresses for the fitted RFB connection 
from rib rotation demands would be large due to the floor beam web thickness, the floor beam 
depth, the floor beam support/restraint conditions, the floor beam spacing, and the rib depth. To 
achieve good fatigue performance, the extended cut-out is often designed with a complex 
geometry and a tangential termination on the rib wall. The termination often requires expensive 
fabrication, including, complete joint penetration welds near the cut-out termination, grinding of 
the cut-out to fit the as-fabricated rib geometry, and significant grinding of the cut-out 
termination after welding (Figure 5).  
If the termination of the extended cut-out is designed as a fillet welded connection, a 
perpendicular termination on the rib wall is used, and an internal bulkhead or stiffeners may be 
needed to achieve adequate fatigue performance (Figure 2). Including this internal stiffening 
adds another step to the fabrication process, which is difficult to automate. An extended cut-out 
eliminates the potential for continuous, automated fillet welding, since the welding must stop at 
or near the perpendicular termination. Thus, in summary, the fabrication requirements for an 
RFB connection with an extended cut-out are more labor intensive and less amenable to 
automated fabrication, compared to the fitted RFB connection. 
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Figure 5. Illustration. RFB connection with an extended cut-out and ground smooth weld 
termination. 
To provide the potential for efficient, automated fabrication of an RFB connection that can 
accommodate rib rotation demands when conditions do not permit use of the fitted RFB 
connection, an RFB detail has been studied that includes an additional cut-out below the rib 
bottom, which is not an extension of the rib opening (HNTB 2015). Termed a “slit cut-out”, the 
additional cut-out is located entirely within the floor beam web below the rib (Figure 6). Results 
from the study given in this report, show that the slit cut-out, with appropriate geometry, floor 
beam web thickness, floor beam depth, and floor beam support/restraint conditions, has the 
potential for good fatigue performance. Fabrication of the RFB connection with a slit cut-out is 
similar to fabrication of the fitted FRB connection, with the additional step of cutting the slit 
geometry into the floor beam web below the rib. Similar to the fitted RFB connection, the RFB 
connection with a slit cut-out is amenable to automated fabrication since it does not include a 
cut-out termination on the rib wall with a complex welded joint, and it has potential for 
continuous, automated fillet-welding.    
The use of RFB connections that are amenable to automated fabrication is a key step towards 
improving the manufacturability of OSD. These RFB connections must also provide adequate 
fatigue performance. The factors that affect manufacturability often affect the fatigue 
performance, so careful consideration of both manufacturability and fatigue performance is 
needed to develop RFB connection details that can increase the use of OSDs in the United States. 
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Figure 6. Illustration. RFB connection with slit cut-out. 
OBJECTIVES 
The objectives of this research are: (1) to investigate manufacturability of RFB connections, with 
or without an additional cut-out in the floor beam web under the rib bottom; (2) to investigate 
available automated (robotic) fabrication processes for these connections; (3) to assess the stress 
response and the potential for good fatigue performance of identified candidate RFB connections 
using finite element analysis; (4) to assess the stress response and the potential for good fatigue 
performance of these connections by full-scale laboratory tests; and (5) to develop 
recommendations for RFB connection details that have potential for good fatigue performance 
and are amenable to automated fabrication. 
APPROACH 
A review of literature on RFB connections in OSDs was performed to identify the different types 
of RFB connections (such as, with or without an additional cut-out and with various cut-out 
geometries), and the issues related to automated fabrication and the manufacturability of these 
connections. In addition, information regarding the fatigue performance of these RFB 
connections, and the factors that affect this fatigue performance was reviewed. This review 
included published, unpublished, and anecdotal information related to manufacturability and 
fatigue performance of RFB connections for OSDs. The literature review can be found in the 
appendix of this report. 
Factors affecting the manufacturability of RFB connections, including the potential for 
automated fabrication, were identified. The influences of fit-up gap and fit-up gap tolerance, 
measurement techniques, weld configurations, cut-out geometries, and the use of internal 
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stiffening on automated fabrication were considered. In addition, the factors affecting fatigue 
performance of the RFB connection were identified; many of these factors are related to the 
manufacturability of the connection. Several factors affect the stresses from fatigue loading that 
develop at the RFB connection, such as the support/restraint condition of the floor beam, rib 
depth, floor beam depth, and spacing of floor beams, floor beam web thickness, rib wall 
thickness, and rib shape. In addition, the welded joint configuration (such as, fillet welded versus 
partial or full penetration groove welded), as well as fit-up gap and tolerance can affect the 
fatigue resistance and manufacturability of the connection. Factors affecting the 
manufacturability and fatigue performance of RFB connections are summarized in this report. 
From this information, candidate RFB connections were identified that have potential for good 
fatigue performance and are amenable to automated fabrication. Parametric finite element 
analyses (FEA), varying the identified geometric factors, were conducted on a simple steel 
bridge superstructure sub-assembly containing an OSD with the candidate RFB connections. The 
three-dimensional (3D) FEA sub-assembly models of the connections were subjected to the 
fatigue loading for orthotropic decks specified in the Seventh Edition of the AASHTO LRFD 
Bridge Design Specifications, henceforth referred to as the AASHTO BDS (AASHTO 2016), to 
evaluate stresses and assess the potential for good fatigue performance of the candidate RFB 
connections. Results from the FEA are summarized in this report. 
The candidate RFB connections that were selected for laboratory tests are the fitted RFB 
connection and the slit RFB connection. Four full-scale test specimens were designed, two with 
fitted RFB connections and two with slit RFB connections (i.e., RFB connections with a slit cut-
out). The specimens include a deck plate, one floor beam, four ribs, and an edge plate girder. 
These test specimens were initially assessed using FEA. The specimens were fabricated, in part, 
by: R/J Florig, Conshohocken, PA; Acrow Corporation of America – Milton Steel Company, 
Milton, PA; High Steel Structures, Lancaster, PA, and Lincoln Electric Corporation, Cleveland, 
Ohio. The FEA results and the fabrication processes for the test specimens, including the 
automated fabrication process, are documented in this report. 
Custom test fixtures and a test setup incorporating multiple computer-controlled hydraulic 
actuators were designed and implemented. The fixtures and setup simulate realistic boundary 
conditions and loading conditions to simulate the response of RFB connections in a bridge super-
structure sub-assembly. The test specimens were tested under static and fatigue loading 
conforming to the AASHTO BDS fatigue loading for orthotropic decks (AASHTO 2016). 
Loading protocols were developed to produce fatigue stresses at RFB connections from floor 
beam in-plane response, and floor beam out-of-plane response (i.e., from rib rotation) as 
determined from FEA. The specimens were instrumented to measure strains and displacements 
at fatigue prone locations to quantitatively assess the fatigue stresses and compare with the FEA 
results. The test results are summarized in this report.  
Based on the research results, recommendations were developed for RFB connection details with 
potential for good fatigue performance and are amenable to automated fabrication. Suggestions 
were developed for suitable automated fabrication techniques for RFB connections. These 
recommendations are presented in this report.  
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CHAPTER 2. FACTORS AFFECTING MANUFACTURABILITY AND FATIGUE 
PERFORMANCE OF RIB-TO-FLOOR BEAM CONNECTIONS 
FACTORS AFFECTING MANUFACTURABILITY 
The manufacturability of an orthotropic steel deck (OSD) is closely related to the often labor-
intensive rib-to-floor beam (RFB) connection. There is significant potential for improved 
manufacturability by using automated fabrication methods. RFB connection details that are 
simple and repeatable, with potential for automation, should lead to more cost-effective OSDs. 
Automation can be applied at various steps in the fabrication process, including: (1) measuring 
the as-fabricated rib geometries and the as-fabricated, assembled rib-deck panels; (2) custom 
cutting the floor beam webs to fit the rib-deck panels; and (3) welding the RFB connection. 
Characteristics of the RFB connection details can affect whether or not these steps can be 
automated, such as fabrication tolerances, the specified types of welds and welding procedures, 
the position of the OSD panels during welding, the use of an additional cut-out in the floor beam 
web, and the use of internal stiffeners or bulkheads within the rib. Based on these characteristics, 
some RFB connections may be more amenable to automated fabrication than others. 
Fabrication and Fit-up Tolerances 
The process used to fabricate the ribs can be an important factor in controlling variations in rib 
geometry as well as improving manufacturability. Ribs cold-bent using a die created for a 
specific OSD rib geometry are likely to have less deviation from the specified rib shape, 
compared to ribs that are cold-bent using a break press in a series of bends, or ribs that are cold 
rolled or hot rolled. When ribs are rolled, rather than pressed, achieving appropriate tolerances 
has been difficult, with variations up to +/- 0.12 inch reported (SSAB/Ruukki 2015). If the rib 
shape is more tightly controlled during fabrication of the ribs, the as-fabricated profile of the rib-
deck panel should have less variation and better match the as-designed profile of the floor beam 
web. This match to the as-designed profile should make it easier to achieve the required fit-up 
for a fully fitted, fillet welded RFB connection.  
The fit-up gap between the floor beam web and the ribs, associated with the RFB connection 
welds, affects manufacturability and may affect fatigue resistance. To achieve a reasonable 
fatigue resistance, this gap should be controlled, particularly when using fillet welds where the 
effective weld throat is affected by the fit-up gap (HNTB 2015). The allowable fit-up gap for 
fillet welds in the AASHTO/AWS D1.5 Bridge Welding Code is 1/16 inch (AASHTO/AWS D1.5 
2015). For OSDs, this allowable gap is typically specified to between 0.04 inch and 0.08 inch 
(HNTB 2015).  
The profile of the rib-deck panel, to which the floor beam web should fit, is affected by factors 
other than the as-fabricated rib shape, so significant effort may still be needed to fit a floor beam 
web to a rib-deck panel, even if the ribs are fabricated with tight tolerances. These factors 
include, the accuracy of the rib layout on the deck plate, the flatness of the deck plate, distortion 
of the rib-deck panel from welding the rib-to-deck-plate (RDP) connection and accuracy of the 
cutting method used to make the rib cut-out in the floor beam web. The use of custom-cut floor 
beam webs (cut to fit the as-fabricated rib-deck panel), along with automated measuring 
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techniques and automated floor beam web cutting techniques, can mitigate the fit-up issue and 
increase the manufacturability of fitted RFB connections. 
 
Figure 7. Illustration. Assembled rib-deck panel in inverted position.  
 
Figure 8. Illustration. Fitting of floor beam to assembled rib-deck panel in inverted 
position.  
 
Automated Measuring and Cutting  
To address the challenge of tightly fitting the floor beam webs to the as-fabricated rib-deck 
panels, automated measuring and cutting can be used to reduce the effort needed to meet fit-up 
tolerances. It is common to cut and mark steel components using computer numerically 
controlled (CNC) equipment. Automated marking can assist with accurately locating the ribs on 
the deck plate, which can help control variation in the as-fabricated rib-deck panel.  
After the ribs are welded to the deck plate, but prior to cutting of the floor beam webs, laser 
tracking of the rib-deck panel along the centerline of the interface with the floor beam web can 
be used to create a two-dimensional (2D) digital representation of the rib-deck panel profile. This 
2D representation can be used to program an automated cutting tool to cut the floor beam web to 
fit the as-fabricated rib-deck panel. If the measurement and cutting equipment is sufficiently 
accurate, this process will ensure that the floor beam web will tightly fit the rib-deck panel, 
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despite variations in the as-fabricated profile of the rib-deck panel from the as-designed profile. 
Any additional effort needed to achieve the fit-up tolerances, such as grinding of the floor beam 
web, should be greatly reduced (relative to that needed if the floor beam web is cut to fit the as-
designed profile of the rib-deck panel), improving the efficiency of the fit-up process. 
Furthermore, both the measuring and cutting steps can be automated, helping to automate the 
RFB connection fabrication process. 
Automated Welding 
OSDs have a large number of RFB connection welds. The capability for automated or robotic 
welding of the RFB connections could significantly reduce the cost of fabrication. Due to the 
relatively complex geometry of the welds in some RFB connections, challenges arise that make 
certain RFB connection details more amenable to automated welding. These details are related to 
the welding process, the weld position, the type of weld, and the associated joint preparation. 
The potential for robotic welding may be enhanced when the connection geometry permits the 
welds to be made continuously without interruption (i.e., without starts and stops). 
Welding Process 
Gas metal arc welding (GMAW) and flux cored arc welding (FCAW) are often used for robotic 
welding. Certain welding processes, such as pulsed gas metal arc welding (GMAW-P), may be 
better suited for fabricating OSDs, since this process has less heat input than other processes, 
such as submerged arc welding (SAW), which results in less distortion and subsequently less 
need for straightening and flattening of an OSD panel (Linnert 1994). 
Welding Position 
In the fabrication of OSDs, ribs are typically welded to the deck plate with the deck in the 
inverted position (upside down), as shown in Figure 7, which allows the RDP connection to be 
semi-automatically or automatically welded in the 2F horizontal welding position, shown in 
Figure 9 (AASHTO/AWS D1.5 2015). To improve the manufacturability of OSDs, automated 
welding of the RFB connection with the rib-deck panel in the inverted position, as shown in 
Figure 8, would eliminate the need to tilt or rotate the rib-deck panel as the floor beams are fit 
and welded to it. Minimizing the need to tilt or rotate an OSD panel during fabrication will allow 
larger panel sizes to be made, and simplify the fabrication process. Welding the RFB connection 
with the rib-deck panel in the inverted position also enables the RFB connection welds on the 
two sides of the floor beam web to be made simultaneously, or nearly simultaneously, which 
may further expedite the fabrication process.  
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Figure 9. Illustration. Diagram of 2F horizontal welding position.  
 
When welding the RFB connection with the rib-deck panel in the inverted position, some 
portions of the RFB welds along the rib walls must be welded in the 3F vertical welding position, 
shown in Figure 10 (AASHTO/AWS D1.5 2015). Welds made in the 3F position can be made by 
welding upward (opposite the direction of gravity); welding downward is most often not 
possible. Therefore, to make the RFB welds with the rib-deck panel in the inverted position, 
discontinuous welds are needed, with weld start locations in the floor-beam-to-deck plate 
segments of the welds, and weld stop locations on the tops of the ribs (which are the rib bottoms 
in the in-service position of the OSD panel). Using discontinuous RFB welds allows the panel to 
remain in the inverted position, utilizing the 2F welding position for the floor beam-to-deck plate 
welds and the 3F welding position (upward) for the RFB welds. Alternatively, a continuous weld 
is possible by rotating the panel to ensure the welding is always upward, or by standing the panel 
on end and welding in the 2F position with the floor beam web horizontal. The advantage of such 
continuous welds is eliminating the weld stop locations on the rib bottoms, which decreases the 
potential for weld discontinuities at the weld stop locations on the rib bottoms. 
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Figure 10. Illustration. Diagram of 3F vertical welding position.  
 
Weld Type 
The type of welds used in the RFB connection affect the manufacturability of the connection. 
Where PJP or CJP welds are used, joint preparation is required. An RFB connection made with 
only fillet welds, which require no joint preparation, improves manufacturability.  
Extended Cut-out Geometry 
In an RFB connection that utilizes an extended cut-out in the floor beam web, the effort needed 
to fabricate the cut-out may negatively impact the manufacturability of the connection. One 
factor is the geometry of the extended cut-out, which may include curves with small or changing 
radii. A second factor is the termination of the cut-out on the rib wall. Some extended cut-out 
RFB connections have a tangential termination similar to that shown in Figure 11(a). Others, 
instead, terminate on the rib wall with a small tab, similar to that shown in Figure 11(b).  
Information on the manufacturability of these extended cut-out RFB connection details is largely 
anecdotal and unpublished. Ultimately, the manufacturability of an RFB connection depends on 
the complexity of its details. When an extended cut-out has a tangential termination on the rib 
wall, the RFB connection typically includes a CJP weld at the termination, transitioning to a 
fillet weld or PJP weld farther up the rib wall, near the deck plate. This weld detail was 
developed from full-scale laboratory fatigue tests for the Williamsburg Bridge replacement OSD 
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(Tsakopoulos and Fisher 2003). An extended cut-out with this type of termination has welds that 
require joint preparation and non-destructive inspection, followed by grinding to achieve a 
smooth transition to the rib wall, making it labor intensive and unfit for automated fabrication.  
                     
 
   (a) Ground Smooth Tangential Termination                      (b) Perpendicular Termination 
Figure 11. Illustrations. Compound figure showing extended cut-out termination types 
(adapted from Kitner, 2016).  
A simpler extended cut-out geometry, without a tangential termination on the rib wall, and with a 
fillet weld wrapped around the termination, may improve manufacturability of the RFB 
connection. This type of RFB connection would not require weld joint preparation. However, 
fully automatic (robotic) welding of the wrap-around fillet weld may be difficult to achieve. 
Alternatively, the termination of the extended cut-out on the rib wall can be eliminated entirely 
by using an RFB connection with a slit cut-out, described earlier, which is not an extension of 
the rib opening (HNTB 2015). The slit cut-out is located entirely within the floor beam web 
below the rib as shown in Figure 12. The slit RFB connection welds are identical to those of a 
fully fitted RFB connection, therefore, as discussed above, robotic welding can be used to make 
these welds, improving the manufacturability of the RFB connection. 
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Figure 12. Illustration. Slit RFB connection. 
Bulkheads and Internal Stiffeners 
Some extended cut-out RFB connections use full or partial depth bulkheads or stiffeners within 
the rib to provide internal stiffening to prevent cracking at the weld termination. The use of these 
internal stiffening plates adds significant effort to the fabrication process. The internal stiffening 
plates typically have PJP or CJP welds to carry the in-plane stresses in the floor beam web 
through the rib wall without creating further fatigue concerns. These welds require joint 
preparation and welding of the internal stiffening plates to the rib prior to rib-deck panel 
assembly. Accurate alignment of each internal stiffening plate with the floor beam web is 
necessary to avoid introducing fatigue issues from misalignment. However, due to rib shrinkage 
during welding of the rib-deck panel, and fabrication tolerances, the proper alignment of the 
internal stiffening plates is difficult to attain and verify. In addition, internal stiffeners and 
bulkheads that are not the full depth of the rib introduce abrupt terminations of the stiffening 
plates on the internal rib walls that can cause stress concentrations and may require grinding to 
avoid fatigue concerns. As a result of the added fabrication effort and fatigue concerns, the use of 
bulkheads and internal stiffeners is discouraged in the FHWA Manual for Design, Construction, 
and Maintenance of Orthotropic Steel Deck Bridges (Connor et al. 2012).  
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FACTORS AFFECTING FATIGUE PERFORMANCE 
Fatigue cracking has been observed in a number of in-service OSDs at the RDP connections and 
the RFB connections. Since the stresses that develop in an OSD under cyclic live load are 
difficult to quantify accurately using simple analytical approaches, finite element analysis and/or 
full-scale laboratory testing is often used to determine accurate live load stress ranges and 
establish the fatigue performance of OSDs.   
Research in recent decades has provided better understanding of the fatigue performance of 
OSDs and quantified the fatigue resistance of various details. The fatigue performance of RFB 
connections is a function of two factors: (1) the stress range that develops at a fatigue prone 
location in the connection under cyclic live load for normal service conditions, and (2) the 
fatigue resistance, which may be estimated using fatigue detail categories with associated finite 
life and infinite life parameters. Certain fatigue details commonly used in OSDs have been 
categorized for fatigue in the AASHTO BDS (AASHTO 2016) and the FHWA Manual for 
Design, Construction, and Maintenance of Orthotropic Steel Deck Bridges (Connor et al. 2012).  
Depending on their specific details, RFB connection welds may have potential for fatigue 
cracking. The stresses in RFB connections develop from a combination of in-plane (in the plane 
of the floor beam) and out-of-plane responses, which create a complex, three-dimensional stress 
state. Factors such as the presence (or lack) of an extended cut-out, the floor beam web depth and 
thickness, the floor beam bottom flange restraint, and the weld type affect the fatigue 
performance of an RFB connection. Fabrication methods and tolerances may also influence the 
fatigue performance of an RFB connection.  
RFB Connection Type 
Based on the factors related to manufacturability discussed above, three candidate RFB 
connection types are considered in this study as possible standardized RFB connections for 
OSDs, namely (1) the fitted RFB connection, (2) the extended cut-out RFB connection, and (3) 
the slit RFB connection. Finite element analyses of these three connection types were performed 
to assess their live load stress response and potential fatigue performance under the fatigue 
loading defined in the AASHTO BDS (AASHTO 2016). The results of these analyses are 
discussed in Chapter 4.  
Fitted RFB Connection 
The first connection type, termed the “fitted connection,” is a fully fitted RFB connection shown 
in Figure 13. Closed U-shaped ribs pass continuously through matching cut-outs in the floor 
beam web and are attached to the web with fillet welds that extend around the entire rib. The use 
of fillet welds eliminates the need for the joint preparation required for PJP or CJP welds. As 
mentioned above, an important aspect of the fitted, fillet-welded RFB connection is the fit-up 
gap between the ribs and the floor beam web, which should be controlled to avoid an excessively 
large gap which may decrease the fatigue resistance. 
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Figure 13. Illustration. Fitted RFB connection.  
Under cyclic live loads, stresses will develop at locations of fatigue concern for the fitted RFB 
connection welds, such as normal (perpendicular) to the weld toe on the rib wall, normal to the 
weld toe on the floor beam web, and at the weld root (i.e., tangent to the weld root, parallel to the 
weld axis). According to the AASHTO BDS, these weld toe locations are classified as Fatigue 
Category C details with a constant amplitude fatigue limit (CAFL) of 10 ksi, regardless of the 
type of weld used (AASHTO 2016). However, the AASHTO BDS (AASHTO 2016) has no 
recommendations for fatigue evaluation of the fillet weld root of an RFB connection. The weld 
root under stress tangent to the weld root appears to be consistent with a Category B detail from 
the AASHTO BDS with a CAFL of 16 ksi, that is, this condition is similar to the root of the web-
to-flange weld of a steel plate girder. In this report, tangential stresses at the weld root of RFB 
connections are compared with the fatigue resistance for AASHTO Fatigue Category B. 
However, this comparison does not indicate that the fatigue resistance of this weld root is known 
to be (or recommended to be) classified as AASHTO Fatigue Category B. Further discussion of 
the fatigue evaluation of the weld root of an RFB connection is given in Chapter 4 and Chapter 
7. Illustrations of the potential fatigue crack locations for the fitted RFB connection fillet welds 
are shown in Figure 14. 
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Figure 14. Illustration. Fitted RFB connection potential crack locations.  
 
Extended Cut-out RFB Connection 
The second connection type, termed the “extended cut-out connection,” is an RFB connection 
with an extended cut-out in the floor beam web below the closed U-shaped rib as shown in 
Figure 15. This connection has a small, square-ended tab that terminates perpendicular to the rib 
wall. The connection is fillet welded and the fillet weld wraps around the tab on the rib wall. 
Similar to the fitted connection, the use of only fillet welds eliminates the need for joint 
preparation. This specific type of extended cut-out RFB connection does not have an internal 
bulkhead or stiffener, PJP or CJP welds, or a ground smooth termination, which are found in 
many currently in-service OSDs with extended cut-out RFB connections; thus this extended cut-
out RFB connection is more amenable to automated fabrication.  
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Figure 15. Illustration. Extended cut-out RFB connection.  
Under live loads, stresses will develop at locations of fatigue concern for the extended cut-out 
RFB connection. These locations include: normal to the weld toe along the straight portion of the 
rib (on either the rib wall or the floor beam web), and normal to the weld toe on the rib wall 
where the fillet weld wraps around the square-ended termination. Other locations of fatigue 
concern are the edges of the cut-out. Similar to the fitted RFB connection, the weld toe locations 
are classified as AASHTO Fatigue Category C details with a CAFL of 10 ksi. The stresses that 
develop at the cut-out edge are recommended in the AASHTO BDS to be evaluated using 
AASHTO Fatigue Category A with a CAFL of 24 ksi, if the edge has a “smooth” flame cut 
finish as per the AASHTO/AWS Bridge Welding Code (AASHTO/AWS D1.5 2015).  If the 
edge of the cut-out has not been ground smooth, then the detail should be evaluated using a 
lower fatigue category, however, a recommended fatigue category for this condition is not given 
in the AASHTO BDS. Illustrations of the potential fatigue crack locations for the extended cut-
out RFB connection are shown in Figure 16. 
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Figure 16. Illustration. Extended cut-out RFB connection potential crack locations.  
Slit RFB Connection 
The third connection type, termed the “slit RFB connection”, is the RFB connections with a slit 
opening completely within the floor beam web below the rib bottom, as shown in Figure 17. This 
type of RFB connection has not been used previously and is based on a suggested RFB 
connection in the HNTB report titled “Cost-Effective Orthotropic Bridge Decks (An Evaluation 
of Optional Welding Processes)” (HNTB 2015). The slit RFB connection is similar to the fitted 
connection with closed, U-shaped ribs passing continuously through matching cut-outs in the 
floor beam. The slit RFB connection welds are fillet welds. The only difference from the fitted 
connection is the presence of the slit. 
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Figure 17. Illustration. Slit RFB beam connection.  
Under live load, stresses will develop at locations of fatigue concern for the slit RFB connection 
welds, such as normal to the weld toe on the rib wall, normal to the weld toe on the floor beam 
web, and tangent to the weld root. Other locations of fatigue concern are the edges of the cut-out. 
The weld toe locations are classified as AASHTO Fatigue Category C details. As noted above, 
the AASHTO BDS (AASHTO 2016) has no recommendations for fatigue evaluation of the fillet 
weld root in an RFB connection. The weld root under stress tangent to the weld root appears to 
be consistent with an AASHTO Fatigue Category B, and, in this report, stresses at the weld root 
of RFB connections are compared with the fatigue resistance for AASHTO Fatigue Category B. 
However, this comparison does not indicate that the fatigue resistance of this weld root is known 
to be (or recommended to be) classified as AASHTO Fatigue Category B. Further discussion of 
this issue is given in Chapter 4, and Chapter 7. The cut-out edge classified in the AASHTO BDS 
as AASHTO Fatigue Category A only if the edge has a “smooth” flame cut finish as per 
(AASHTO/AWS D1.5 2015). It is noteworthy that the fatigue provisions in the AASHTO BDS 
(AASHTO 2016) are usually applied only to details subjected to a net tensile stress under 
permanent dead loads plus fatigue live load (i.e., the Fatigue I load combination). As shown later 
in Chapter 4, some locations along the cut-out edge of a slit RFB connection are subjected to 
only compression stress, accordingly fatigue cracks will not propagate beyond the heat-affected 
zone. Illustrations of the potential cracking locations for the slit RFB connection are shown in 
Figure 18. 
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Figure 18. Illustration. Slit RFB connection potential crack locations.  
Floor Beam Configuration 
The configuration of the bridge superstructure system can significantly affect the live load 
stresses that develop at OSD RFB connections. The use of an OSD for a deck replacement 
application may create OSD support conditions that differ from the OSD support conditions for a 
new bridge application. In addition, for a new bridge application, there are fewer constraints on 
the geometry of the OSD and supporting superstructure, while for a deck replacement 
application, the OSD must accommodate the existing main components of the bridge 
superstructure. Therefore, both the connection type and overall OSD geometry and support 
conditions can affect the fatigue performance of the RFB connection. 
Restrained Floor Beams 
OSDs are often used in deck replacement applications because they are lighter than typical 
concrete decks, decreasing the dead load on the bridge. In these situations, the geometry of the 
OSD is constrained significantly by the existing superstructure components. Frequently, relative 
to a new bridge application, the rib spans are longer (dictated by the existing floor beam (or floor 
truss) spacing), the depth of the OSD floor beam is limited by the distance from the top of the 
existing floor beam (or floor truss) to the roadway, and some of OSD floor beams are located on 
top of existing floor beams (or floor trusses) of the superstructure (see Figure 19). In these 
applications, the OSD floor beam is supported by the existing floor beam (or floor truss), which 
tends to decrease stresses in the OSD floor beam from in-plane actions, such as in-plane shear. 
At the same time, however, the bottom flange of the OSD floor beam is also restrained 
transversely by the existing floor beam (or floor truss), which tends to increase stresses at the 
RFB connection from out-of-plane (i.e., out of the plane of the floor beam web) rotation 
demands on the RFB connection imposed by the ribs from primary bending of the ribs as they 
deflect under wheel loads within the rib span between adjacent floor beams. 
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       Source: Lehigh University 
 
Figure 19. Photo. Restrained OSD floor beam on existing floor truss. Photo by Joseph 
Saunders, Lehigh University. 
Since the OSD ribs in a deck replacement application often have long spans due to the large floor 
beam spacing in the existing bridge superstructure, the rib rotation demands on the RFB 
connection are often larger than for a new bridge application. The rib rotation causes out-of-
plane bending of the OSD floor beam web at the RFB connection. For a fitted RFB connection, 
the stress from this out-of-plane bending is largest at the weld toe on the floor beam web near the 
rib bottom, which is a fatigue prone location of the fitted RFB connection.  
Overall, for deck replacement applications, the combination of the OSD floor beam bottom 
flange transverse restraint, the limited floor beam depth, and the increased rib rotation from long 
rib spans all contribute to significant floor beam web out-of-plane bending deformations that 
lead to the need for a stress-relieving cut-out in the floor beam web at the RFB connection. The 
cut-out allows the ribs to rotate more freely without bending the floor beam web out-of-plane. 
Either the extended cut-out RFB connection or the slit RFB connection can be used to provide 
this stress-relief. 
Independent Floor Beams 
For OSDs in new bridge applications, the bridge and OSD can be designed simultaneously to 
balance the important OSD geometric parameters, such as rib span and floor beam depth, with 
the remaining superstructure geometric parameters. New bridge applications permit the use of 
independent floor beams that are not supported and are not restrained by other transverse 
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members in the bridge (see Figure 20). Such independent OSD floor beams are free to deform in-
plane (unsupported), and free to deform out-of-plane (unrestrained) from rib rotation as the ribs 
deflect under wheel loads within the rib span between adjacent floor beams. An independent 
OSD floor beam is subject to larger in-plane shear forces because it is unsupported. At the same 
time, however, rib rotations produce less out-of-plane bending stress in the floor beam web, 
because the unrestrained floor beam bottom flange allows the RFB connection to rotate out-of-
plane more freely. 
 
Source: Lehigh University 
Figure 20. Photo. Independent OSD floor beam. Photo by Jayne Marks, Lehigh University. 
For new bridge applications, in-plane shear is an important factor in the stresses that develop at 
the RFB connection at fatigue prone locations. Fatigue prone locations tend to occur at RFB 
connections where the floor beam web carries large in-plane vertical shear forces. However, 
because the floor beam web depth is not constrained by an existing superstructure, the depth can 
be increased to reduce the floor beam web shear stresses to improve the fatigue performance of 
the RFB connection. Increasing the thickness of the floor beam web also reduces the in-plane 
shear stresses (see Chapter 4). 
Fitted RFB connections may be better suited for the independent floor beams of new bridge 
applications because they maintain greater floor beam web area below the rib to resist the in-
plane vertical shear forces than an RFB connection with a cut-out. Also, the rib rotation demands 
and the effects of rib rotation on RFB connection stresses are reduced for an independent floor 
beam, so a cut-out is not necessarily required for adequate fatigue performance. 
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Cut-out Geometry and Edge Condition 
For slit RFB connections and extended cut-out RFB connections, the edge of the cut-out is a 
location of fatigue concern, since the cut-out creates a stress concentration in the base metal of 
the floor beam web. The fatigue resistance of the base metal at the edge of the cut-out is sensitive 
to the surface condition of the cut-out edge. Past research has aimed to optimize the geometry of 
the cut-outs of extended cut-out RFB connections, and many variations of this geometry exist in 
the OSDs that are currently in service. For the slit RFB connection, an initial finite element 
analysis (FEA) study of different slit cut-out geometries can be found in Chapter 4.  
As noted above, the fatigue resistance of a cut-out edge is affected by the surface condition of the 
cut-out edge. Cut-out edges that have been ground “smooth” according to AWS D1.5, are 
expected to have a fatigue resistance corresponding to AASHTO Fatigue Category A (AASHTO 
2016). If the edge of the cut-out has not been ground “smooth”, micro-discontinuities at the cut-
out edge may have an adverse effect on the fatigue resistance, and the fatigue resistance is less 
than that corresponding to AASHTO Fatigue Category A. 
For an extended cut-out that terminates on the rib wall, the configuration of this termination 
greatly affects its fatigue performance. If the cut-out has a tangential termination on the rib wall, 
the CJP weld at the end of the termination is ground to create a smooth transition from the floor 
beam web to the rib wall, as shown earlier in Figure 11(a). The ground smooth tangential 
termination reduces the local stress and increases the fatigue resistance. If, instead, the 
termination is square-ended with a wrap-around fillet weld as shown earlier in Figure 11(b), 
fatigue cracks may initiate at the toe of this weld on the rib wall. The fatigue resistance of the 
termination with a wrap-around fillet weld is expected to be AASHTO Fatigue Category C.  
Weld Type 
The fatigue category used to assess the stresses at weld toes of an RFB connection is unchanged 
by the type of weld used. However, to assess stresses at the weld root that may lead to weld root 
cracking, the type of weld may have an effect. When fillet welds or PJP welds are used, a strip of 
the rib wall plate surface along the centerline of the RFB connection is left unfused by the weld 
process (i.e., the weld is not CJP). The width of this unfused strip is controlled by the penetration 
of the weld process (see Figure 21). In addition, the fit-up gap between the rib and the floor beam 
web within the connection (see Figure 21) is important. At the edge of the unfused strip, where it 
meets the weld root, weld root discontinuities may occur, which may lead to cracking from the 
weld root. The characteristics of these weld root discontinuities may depend on the fit-up gap.  
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Figure 21. Illustration. Fit-up gap and unfused strip at RFB connection.  
Whether or not a weld is made continuously may also affect its fatigue performance. Continuous 
welds are expected to perform better than discontinuous welds, which include starts and stops. At 
the starts and stops, local stress concentrations due to weld discontinuities, which are too small to 
be observed by inspection, may be larger or more frequent than if the welding is continuous. 
Bulkheads and Internal Stiffeners 
As previously mentioned, some RFB connections with an extended cut-out have internal 
bulkheads or internal stiffeners. These internal stiffening plates can lead to fatigue issues if not 
designed and fabricated properly. Accurate alignment of the internal stiffening plate with the 
floor beam web is necessary to promote continuity of stress. If not properly aligned, the welds 
used to connect the internal stiffening plates may develop fatigue issues. Owing to their location 
within the rib, these welds are not accessible for in-service inspection. Additionally, internal 
stiffening plates that are not full depth introduce abrupt terminations on the internal rib wall that 
may lead to fatigue issues. As a result, the use of bulkheads and internal stiffeners is discouraged 
in the FHWA Manual for Design, Construction, and Maintenance of Orthotropic Steel Deck 
Bridges (Connor et al. 2012).   
UNFUSED STRIP 
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CHAPTER 3. FINITE ELEMENT MODELING APPROACH 
ANALYSIS OVERVIEW 
To evaluate the stresses and potential for good fatigue performance of the three rib-to-floor beam 
(RFB) connection types that were considered in this study (fitted, extended cut-out, and slit RFB 
connections), three dimensional (3D) linear elastic finite element analyses (FEA) were 
performed using ABAQUS, a commercially available software produced by Dassault Systèmes. 
These analyses were performed to better understand the stress and deformation response, to 
evaluate the potential for good fatigue performance, to identify high stress locations for each 
RFB connection type, and to help select RFB connections for full-scale laboratory test 
specimens. 
Each connection type was investigated for loading conditions that produce largely in-plane (in 
the plane of the floor beam web) response or largely out-of-plane response. In addition, OSDs 
with independent and restrained floor beams were included in the investigation. An analysis plan 
of the various FEA models that were studied is shown in Figure 22. Certain models were deemed 
unnecessary to study, for reasons described below, and these omitted models are shaded grey. 
 
 
Figure 22. Illustration. Finite element analysis plan showing the cases that were considered; 
cases shown with black text were analyzed; cases shown in gray text were considered, but 
were not analyzed. 
As discussed previously, the fitted RFB connection is considered to be best suited to OSDs with 
independent floor beams. For this reason, FEA for the fitted RFB connection focused on models 
with an independent floor beam. Similarly, RFB connection types with a stress-relieving cut-out 
in the floor beam web, that is, the extended cut-out RFB connection and the slit RFB connection, 
are considered to be best suited to OSDs with restrained floor beams. For these reasons, the FEA 
for the extended cut-out RFB connection and slit RFB connection focused on models with 
restrained floor beams. Other cases were considered as shown in Figure 22. Only some of these 
other cases were analyzed via FEA, including, the fitted RFB connections with a restrained floor 
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beam under out-of-plane loading, and the extended cut-out RFB connection and the slit RFB 
connection with an independent floor beam under in-plane loading. 
FINITE ELEMENT MODELS 
Plate Girder Model 
The FEA were performed using a model of an OSD termed the “plate girder” (PG) model. The 
PG model enabled efficient FEA of OSDs as variations in the floor beam depth, thickness, and 
spacing were introduced. It consists of five floor beams, two I-shaped edge plate girders (one on 
either side of the deck) with full height, 1/2 inch thick stiffeners at the floor beam locations, and 
eleven U-shaped ribs with fitted RFB connections as shown in Figure 23. The floor beams span 
25 feet-8 inches between the edge plate girders. In the base version of the PG model used in this 
study, the ribs and floor beams have the dimensions shown in Figure 24, and the center-to-center 
spacing of the floor beams is 11 feet-9 inches. This floor beam spacing is used for studies of in-
plane loading and response of RFB connections. In some FEA models, described later, the floor 
beam web depth, web thickness, and spacing were varied from those of the base PG model, and 
the RFB connection types were changed. In FEA models used for studies of out-of-plane loading 
and response of RFB connections, the floor beam spacing is extended to 20 feet, which is the 
maximum spacing recommended by the FHWA Manual for Design, Construction, and 
Maintenance of Orthotropic Steel Deck Bridges (Connor et al. 2012).  
 
Figure 23. Illustration. Overview of the plate girder model. Shown are the plate girders, 
ribs, floor beams and deck plate. 
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Figure 24. Illustration. Dimensions of RFB beam connection of plate girder model (adapted 
from Kitner 2016). 
 
Figure 25. Illustration. Rib identifiers for plate girder model with Rib 1 on the south most 
side of the deck. 
 
 
Figure 26. Illustration. Naming convention for the plate girder model floor beams with 
Floor Beam 1 on the east side of the deck. 
N 
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The rib and floor beam identifiers as well as the orientation of the PG model are shown in Figure 
25 and Figure 26. Ribs were numbered from one to eleven, with the south-most rib identified as 
Rib 1. Floor beams were numbered from one to five, with the east-most floor beam identified as 
Floor Beam 1. The FEA focused on the center floor beam, Floor Beam 3, and on Rib 1 and Rib 
6. As discussed later, loads were placed on the OSD in an attempt to maximize stresses at the 
RFB connections for these ribs.  
Element Type and Meshing 
Three-dimensional (3D) meshes for all models and submodels were generated automatically by 
ABAQUS using a structured meshing algorithm with a defined target element size (Dassault 
Systemes Simulia Corp. 2016). All models and submodels were meshed using elastic 3D 
continuum solid hexahedron elements. Other model-specific elements that were needed for 
certain FEA models are discussed later within this chapter. Each solid hexahedral element has 
twenty nodes and uses a second order interpolation function with reduced integration. Each node 
has three translational degrees of freedom. In the ABAQUS element library, this solid 
hexahedral element is identified as the C3D20R element and is shown in Figure 27.  
 
 
Figure 27. Illustration. C3D20R solid element (adapted from ABAQUS Dassault Systemes 
Simulia Corp. 2016). 
Loading 
The FEA models were usually loaded with the rear tandem axle of the fatigue design truck from 
the AASHTO BDS, as shown in the red box in Figure 28 (AASHTO 2016). The rear tandem 
axle consists of four 8-kip wheels spaced 4 feet longitudinally and 6 feet transversely. In some 
situations, only half of the tandem was used to provide better understanding of the stress 
response of RFB connections to a simpler loading condition. This half tandem loading included 
only two load pads spaced 4 feet apart longitudinally, as shown in the blue box in Figure 28. 
Fatigue prone connection details of OSDs respond to individual truck axles instead of the entire 
truck, so the number of loading cycles experienced by these details during the bridge service life 
is large (AASHTO 2016). As a result, OSD connection details are often designed for infinite 
fatigue life, so the AAHSTO Fatigue I load combination total factored tandem axle load for 
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OSDs was used in the FEA. For OSDs, the AASHTO BDS specifies a load factor for the Fatigue 
I load combination of 2.25, which is applied to loads shown in Figure 28 after they have been 
increased by 15% for the impact factor (AASHTO 2016). The resulting total factored tandem 
axle load is (32 kips x 1.15) x 2.25 = 82.8 kips. Live load stresses from the Fatigue I load 
combination are applicable to fatigue assessments of both the RFB connection welds and the 
edges of cut-outs (Connor 2002).  
The AASHTO Fatigue I load combination total factored tandem axle load for OSDs corresponds 
to a factored wheel load of 20.7 kips which is distributed uniformly over a rectangular tire 
contact area with a width of 20 inches and a length of 10 inches, with the shorter dimension in 
the traffic (longitudinal) direction. The resulting uniformly distributed pressure load is 0.104 ksi 
over each patch. Each tire contact area was modeled in the FEA models as a solid rectangular 
load pad which is 5/8 inch thick. The load pad was discretized using C3D20R elements and tied 
to the deck plate elements using node-based tie constraints. The load pads allowed the loads to 
be easily moved to various positions on the OSD deck plate. Specific load positions and 
configurations are discussed in further detail in Chapter 4. 
 
 
 
 
 
Figure 28. Illustration. Fatigue load for OSDs (adapted from AASHTO 2016). 
Material Properties 
General linear elastic material properties for steel were used in the FEA models. The modulus of 
elasticity and Poisson’s ratio for steel were assumed to be 29,000 ksi and 0.3, respectively. The 
modulus of elasticity and Poisson’s ratio for the load pads were assumed as 300 ksi and 0.48, 
respectively, which makes the load pads both flexible and incompressible, similar to rubber, to 
avoid adding stiffness to the OSD deck plate. 
Restrained Floor Beam Truss Details 
As discussed in Chapter 2, the vertical support and transverse restraint of an OSD floor beam 
may affect the live load stresses at RFB connections. The PG model, as described earlier, has 
independent floor beams with no bottom flange support or restraint (except where the floor 
Longitudinal 
Rear Tandem 
Two Load Pads 
at 4ft spacing 
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beams are supported by the edge plate girders). To study the effect of floor beam restraint on the 
stress response of RFB connections, two restraint systems were developed to restrain the floor 
beams of a modified PG model. These restraint systems were derived from the truss system of a 
long-span cable-supported bridge that was studied in past research at Lehigh University on an 
OSD for a deck replacement application as shown in Figure 19. 
The cross section properties of the first restraint system, termed Truss System A, were developed 
by comparing the span of the floor trusses shown in Figure 19 with the floor beam span in the 
PG, and scaling the truss cross section properties to be appropriately sized for the PG floor beam 
span. The cross section properties for the transverse and longitudinal trusses used in Truss 
System A are listed in Table 1 and Table 2, respectively. The depth of the longitudinal trusses is 
10 feet, and the depth of the transverse trusses is 2 feet-6 inches. Truss System A can be seen in 
Figure 29. 
The second restraint system, termed Truss System B, was developed for OSDs with the extended 
cut-out RFB connection and slit RFB connection. The member cross section properties of Truss 
System B are the same as the member cross section properties of the truss system shown in 
Figure 19, and as a result Truss System B is stiffer than Truss System A.  The cross section 
properties for the transverse trusses and longitudinal trusses used in Truss System B are listed in 
Table 3 and Table 4, respectively. The depth of the longitudinal trusses is 8 feet-9 inches, and the 
depth of the transverse floor trusses is 4 feet-9 inches. Truss System B can be seen in Figure 30. 
In the modified PG model, the truss members are modeled with B31 beam elements from the 
ABAQUS element library. The average element length for the truss member model is 1 inch. 
General linear elastic material properties for steel were used for the truss member elements, with 
a modulus of elasticity and Poisson’s ratio equal to 29,000 ksi and 0.3, respectively. 
 
 
Figure 29. Illustration. Truss System A with five transverse trusses and two longitudinal 
trusses. 
 32 
Table 1. Cross section properties of transverse trusses in Truss System A. 
 Area 
(inches2) 
Iz, Moment of Inertia 
In-plane of Truss 
(inches4) 
Iy, Moment of Inertia 
Out-of-plane of Truss 
(inches4) 
Top Chord 12.5 580 670 
Diagonals 2.9 77.0 11.0 
Bottom Chord 3.8 78.0 217 
 
Table 2. Cross section properties of longitudinal trusses in Truss System A. 
 Area 
(inches2) 
Iz, Moment of Inertia 
In-plane of Truss 
(inches4) 
Iy, Moment of Inertia 
Out-of-plane of Truss 
(inches4) 
Top Chord 13.1 345 50.0 
Diagonals 13.1 345 50.0 
Bottom Chord 13.1 345 50.0 
 
 
Figure 30. Illustration. Truss System B with five transverse trusses and two longitudinal 
trusses. 
Table 3. Cross section properties of transverse trusses in Truss System B. 
 Area 
(inches2) 
Iz, Moment of Inertia 
In-plane of Truss 
(inches4) 
Iy, Moment of Inertia 
Out-of-plane of Truss 
(inches4) 
Top Chord 50.0 2320 2680 
Diagonals 11.6 308 44.0 
Bottom Chord 15.2 312 868 
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Table 4. Cross section properties of longitudinal trusses in Truss System B. 
 Area 
(inches2) 
Iz, Moment of Inertia 
In-plane of Truss 
(inches4) 
Iy, Moment of Inertia 
Out-of-plane of Truss 
(inches4) 
Top Chord 11.7 308 44.6 
Diagonals 11.7 308 44.6 
Bottom Chord 11.7 308 44.6 
 
Boundary Conditions 
Boundary conditions were applied to selected nodes of the PG model to restrain all three 
translational displacement degrees of freedom. These boundary conditions were applied (in 
Model A (MA) of the complete PG model, which is described below) to the edge plate girder 
bottom flange at the end of each edge plate girder. Specifically, the boundary conditions were 
applied to all nodes across the entire width of the bottom flange, and over approximately 7 
inches of the bottom flange on either side of the center lines of Floor Beam 1 and Floor Beam 5. 
The modified PG model with trusses has boundary conditions similar to the PG model without 
trusses. At the bottom corner nodes of each longitudinal truss adjacent to Floor Beam 1 and 
Floor Beam 5, the three translational displacement degrees of freedom were restrained. 
Stress Assessment 
FEA stress results discussed in Chapter 4 and Chapter 5 are compared to the fatigue resistance 
for the appropriate fatigue category from the AASHTO BDS (AASHTO 2016). In particular, the 
FEA stress results are compared with the constant amplitude fatigue limit (CAFL), also known 
as the constant amplitude fatigue threshold, for the appropriate fatigue category. These 
comparisons were not intended to predict the fatigue performance of a given RFB connection.  
Instead, the comparisons are used to identify conditions under which an RFB connection has the 
potential for good fatigue performance. In this study, the potential for good fatigue performance 
of an RFB connection is indicated when the FEA stress results are near or below the 
corresponding CAFL under the conditions simulated by the FEA model, or under conditions that 
can be achieved with small design changes relative to the conditions simulated by the FEA 
model. Unlikely potential for good fatigue performance is indicated when the FEA stress results 
are much greater than the corresponding CAFL for AASHTO Fatigue Categories, even when 
possible design changes are considered.  
The AASHTO BDS recommends that a local structural stress (LSS) approach be used for fatigue 
design of OSDs (AASHTO 2016). However, the RFB connections considered in this study were 
not designed for a particular fatigue design life or for infinite fatigue life. Instead, the RFB 
connections were studied parametrically to determine which loading conditions, restraint 
conditions, RFB connection geometries, and mesh densities could result in the potential for good 
fatigue performance. To facilitate the FEA parametric study described in Chapter 4, the 
additional computational effort required by the LSS approach was not undertaken, and thus the 
RFB connections were not analyzed using the LSS approach in the FEA parametric study.  
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However, as shown in Chapter 7, the LSS approach was applied to the RFB connection test 
specimens.   
For RFB connection welds, the stresses that are compared with the CAFL for the appropriate 
fatigue category are either stresses normal to the weld toe on the rib wall or normal to the weld 
toe on the floor beam web, or stresses at the weld root of the RFB connection. For an RFB 
connection with a cut-out, the stress used for the comparison is the principal stress at the edge of 
the cut-out. Except for a few LSS results, all of the FEA stress results presented in this report are 
extracted at the nodes using the FEA software. When an RFB connection is analyzed for 
different load positions (in the longitudinal direction of the PG model), the stress range 
corresponding to the different load positions is considered. The compression component of the 
stress range at locations with predominantly tension stress is often insignificant (less than 1 ksi) 
and is therefore not presented in this report. 
SUBMODEL DETAILS 
Submodeling was used extensively throughout the FEA study of the RFB connections. 
Submodeling uses a more refined FEA model of a local region of a larger, coarser FEA model to 
generate more accurate stress results. The submodel with the more refined mesh is loaded using 
displacement input at the boundaries that are based on interpolated displacements from the larger 
FEA model with the coarser mesh. In applying the submodeling technique to OSDs, the FEA 
results for a global model of a bridge are used to drive a smaller, more refined model of an OSD 
panel. Further submodels can be created with refined meshes of details within the OSD panel. 
The benefits of the submodeling technique are reduced modeling effort (i.e., by creating the 
refined mesh of only part of the larger model) and decreased computation time. 
 
(a) MA (grey), SMB (blue), SMC (pink) 
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(b) SMC (pink), SMD (green), SME (orange) 
Figure 31. Illustrations. Compound figure showing global PG model and four submodels. 
 
Up to five levels of submodeling were used in the FEA study of the RFB connections, where the 
mesh size of the models was progressively reduced at each level. The five models are the global 
PG model, denoted Model A (MA), Submodel B (SMB), Submodel C (SMC), Submodel D 
(SMD), and Submodel E (SME). The size and location of these submodels within the PG model 
are shown in Figure 31. Each of these models is described in further detail below, including the 
purpose, model size, and mesh size for each model.  
Model A 
The purpose of the first level model, which is the entire PG model and is referred to as MA, is to 
enable efficient FEA of OSDs as parameter variations, such as variations in the floor beam 
dimensions, RFB connection type, loading, and floor beam support conditions, are introduced. 
Relative to the more refined models, MA level models require less effort to revise the FEA 
models as parameters change, and less computation time. The results from MA models provide 
an overall understanding of stresses in the OSD and help to identify locations and magnitudes of 
important stress responses. MA encompasses the entire PG model, including the deck plate, both 
edge plate girders, five floor beams, and eleven ribs. The welds of the RFB connections and the 
RDP connection welds are not modeled in MA. 
MA uses C3D20R solid elements for the OSD components. The average element size is 3.5 
inches and a representative MA mesh is shown in Figure 32. 
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Figure 32. Illustration. Model A mesh at RFB connection. Average element size is 3.5 
inches. 
Submodel B 
The second level model, referred to as SMB, is used to study the local behavior of an RFB 
connection. Stresses from SMB were typically compared with the CAFL for the appropriate 
fatigue category from the AASHTO BDS (AASHTO 2016) to assess the potential for good 
fatigue performance for a given RFB connection. SMB is used to observe how changing various 
parameters of the OSD and RFB connection affects the stresses at fatigue prone locations.  
SMB level submodels include part of the deck plate, one floor beam, all eleven ribs, and none of 
the edge plate girders. The floor beam used in SMB is Floor Beam 3, and in most of the loading 
conditions that were studied, the tandem axle load (described earlier) is either centered over 
Floor Beam 3 or located between Floor Beam 3 and Floor Beam 4. The welds in SMB (and 
subsequent submodels) were modeled with a simple geometry, having a 5/16 inch fillet, with a 
zero-radius notch at each weld toe, and without modeling the unfused strip or the fit-up gap at 
the weld root. 
SMB meshes were generated automatically by ABAQUS using a structured meshing algorithm, 
and were inspected to ensure adequate element quality according to ABAQUS recommendations. 
Elements with an aspect ratio greater than 10, with small face angles less than 10 degrees or 
large face angles greater than 160 degrees were avoided as much as possible in the region near 
the RFB connection. The average element size for SMB is 1 inch and a representative SMB 
mesh is shown in Figure 33. 
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Figure 33. Illustration. Submodel B mesh at RFB connection. Average element size is 1 
inch. 
Submodel C 
The third level model, referred to as SMC, is used to study the local behavior of an RFB 
connection at a finer level of detail. The mesh density of SMC was established to enable stresses 
near the weld toes of RFB connection welds, and at other details, to be studied. Elements in SMC 
away from the weld toes have an average size of 1/4 inch. Elements near weld toes are generated 
with a mesh that allows the local structural stress (LSS) approach to be applied. 
The LSS approach uses extrapolation to evaluate the local stress at a weld toe, and is particularly 
applicable to weld toes in locations with complex stress fields, for which the nominal stress 
approach in the AASHTO BDS (AASHTO 2016) is not applicable. The FHWA Manual for 
Design, Construction, and Maintenance of Orthotropic Steel Deck Bridges (Connor et al. 2012) 
states that fatigue assessments of RFB connection welds should use the local structural stress 
normal (perpendicular) to the weld toe and compare this stress to the fatigue resistance of 
AASHTO Fatigue Category C. More detail on the LSS approach can be found in (IIW 2007, 
Connor et al. 2012, AASHTO 2016). The reference points in SMC for extrapolating the local 
surface structural stresses to the weld toe are shown in Figure 34 and are based on the 
recommendations given in (IIW 2007). Element sizes to permit linear extrapolation of LSS using 
a relatively fine mesh are 0.4t by 1.0t (IIW 2007), where t is the thickness of the part where the 
surface stress is being determined. These reference points are different from those listed in the 
AASHTO BDS (AASHTO 2016), which is 0.5t by 1.5t, because (IIW 2007) suggests using 0.4t 
by 1.0t for a relatively fine mesh instead of 0.5t by 1.5t, which is recommended for a relatively 
coarse mesh.  
 38 
SMC includes none of the deck plate, one rib, and a 28 inch long portion of the floor beam which 
begins and ends halfway between adjacent ribs. The RFB connection selected for SMC is a 
highly stressed RFB connection as determined from SMB. The welds in SMC were modeled 
with the same simple model used in SMB. Note that modelling of the welds is recommended in 
(IIW 2007) for evaluating the LSS using FEA models with solid elements. As for SMB, SMC 
meshes were generated using the ABAQUS structured meshing algorithm, and then inspected to 
ensure adequate element quality according to ABAQUS recommendations. A representative 
SMC mesh is shown in Figure 35. 
 
Figure 34. Illustration. Reference points at distances of 0.4 times the plate thickness and 1.0 
times the plate thickness for stress extrapolation using the local structural stress approach 
(adapted from IIW 2007). 
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Figure 35. Illustration. Submodel C mesh at RFB connection. Average element size is 1/4 
inch. 
Submodel D 
Submodel D (SMD), with an average 1/16 inch element size, was developed for only the north 
side or the south side of a single slit RFB connection, eliminating most of the rib and floor beam. 
Since an SMD contained only one side of the RFB connection, a north SMD and a south SMD 
were created to determine the stresses on each side of the connection. The welds were modeled 
in SMD. A representative SMD is shown in Figure 36. 
 
Figure 36. Illustration. Submodel D mesh. Average element size is 1/16 inch. 
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Submodel E 
Submodel E (SME) has an average 1/32 inch element mesh, and owing to this very small element 
size, SME included only a portion of the floor beam web which contained either the north side or 
the south side of a slit RFB connection. Similar to SMD, a north SME and a south SME were 
created to determine the stresses on each side of the connection. The welds were modeled in 
SME. A representative SME is shown in Figure 37, which shows that an SME includes only a 
small rectangular portion of the web with the slit and RFB weld. 
 
Figure 37. Illustration. Submodel E mesh. Average element size is 1/32 inch. 
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CHAPTER 4. FINITE ELEMENT ANALYSIS PARAMETRIC STUDIES FOR 
CANDIDATE RIB-TO-FLOOR BEAM CONNECTIONS 
ANALYSIS OVERVIEW 
Based on the factors related to manufacturability discussed in Chapter 2, three candidate rib-to-
floor beam (RFB) connection types were studied parametrically using FEA, namely (1) the fitted 
RFB connection, (2) the extended cut-out RFB connection, and (3) the slit RFB connection. The 
FEA provided the live load stress response for each RFB connection type. The FEA results were 
used to evaluate the potential for good fatigue performance of each RFB connection type under 
the conditions that were included in the FEA model. The FEA results were also used to select the 
RFB connections for the full-scale laboratory test specimens. 
Each connection type was investigated for loading conditions that produce largely in-plane (in 
the plane of the floor beam web) response or largely out-of-plane response. OSDs with 
independent and restrained floor beams were included in the investigation. The floor beam web 
thickness and floor beam web depth were varied to investigate their effects on stresses in the 
RFB connections. In addition, different finite element mesh densities were studied to investigate 
the effect of the element mesh on the stresses at fatigue prone locations in the RFB connections.  
FITTED RFB CONNECTION ANALYSES 
The fitted RFB connection is fillet welded all around with the rib passing continuously through a 
matching cut-out in the floor beam web without an additional cut-out below the rib, as described 
in Chapter 2. A fitted RFB connection is shown in Figure 38.  
 
Figure 38. Illustration. Fitted RFB connection with dimensions. 
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Independent Floor Beam with Fitted RFB Connections Under In-plane Loading 
A previous analysis of a similar fitted RFB connection (Mukherjee 2016) showed high stresses at 
the RFB connection weld toe on the floor beam web and the rib wall near the location where the 
floor beam is supported by a girder (Rib 1). These high stresses were driven by shear force in the 
floor beam under in-plane loading. Similar behavior was expected for the PG model, so in the 
present study, the RFB connection under in-plane loading was investigated using the same load 
configuration that was used in (Mukherjee 2016): the total factored full tandem axle load was 
placed concentrically at Floor Beam 3 with one half of the full tandem (two load pads) centered 
between Rib 1 and Rib 2, as shown in Figure 39. This load configuration maximized the stress at 
the Rib 1 RFB connection weld toe on the rib wall. The floor beam web depth and thickness are 
34.5 inches and 1/2 inch respectively. This combination of floor beam depth and thickness is 
termed floor beam section 1 (FBS1). The deck plate is 3/4 inch thick and the floor beam bottom 
flange is 3/4 inch thick, resulting in a total OSD depth of 36 inches. 
 
Figure 39. Illustration. Transverse load position of full tandem for fitted RFB connection of 
Rib 1 to independent floor beam under in-plane loading. 
Full Tandem In-plane Loading near Rib 1 
The stress results presented in this section are from FEA using SMB. Figure 40 shows the 
variation in the “circumferential” direction around the bottom of U-shaped Rib 1 of the stress 
normal to the weld toe on the rib wall. Contour plots of the stress normal to the weld toe on the 
rib wall are shown in Figure 41 and Figure 42. Figure 43 and Figure 44 shows the 
circumferential variation around the bottom of Rib 1 of the stress normal to the weld toe on the 
floor beam web. Stresses that develop at the root of the weld are shown in Figure 45. All stress 
values are reported on the east face of the floor beam, but because the loading is applied 
symmetrically about the floor beam, the results are similar on the west face. Figure 46 shows a 
cut-away view of the finite element mesh that illustrates the location where the reported 
tangential and principal weld root stresses are obtained. 
 
N 
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Figure 40. Graph. Variation in stress normal to weld toe on rib wall around rib bottom of 
fitted connection of Rib 1 to independent floor beam (FBS1) under in-plane loading (SMB). 
 
Figure 41. Illustration. FEA contour plot of stress normal to weld toe on rib wall around 
rib bottom of fitted connection of Rib 1 to independent floor beam (FBS1) under in-plane 
loading (SMB) looking southwest.  
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Figure 42. Illustration. FEA contour plot of stress normal to weld toe on rib wall around 
rib bottom of fitted connection of Rib 1 to independent floor beam (FBS1) under in-plane 
loading (SMB) looking northwest. 
 
Figure 43. Graph. Variation in stress normal to weld toe on floor beam web around rib 
bottom of fitted connection of Rib 1 to independent floor beam (FBS1) under in-plane 
loading (SMB). 
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Figure 44. Illustration. Contour plot of stress normal to weld toe on floor beam web around 
rib bottom of fitted connection of Rib 1 to independent floor beam (FBS1) under in-plane 
loading (SMB) looking west. 
 
 
Figure 45. Graph. Variations in principal and tangential stress at weld root around rib 
bottom of fitted connection of Rib 1 to independent floor beam (FBS1) under in-plane 
loading (SMB). 
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Figure 46. Illustration. Cut-away view of finite element mesh showing location of reported 
principal and tangential weld root stresses  
From FEA using SMB, the largest tension stress normal to the weld toe on the floor beam web 
(see Figure 43) is 5.5 ksi on the south side of the connection at -56.5 degrees from the bottom of 
Rib 1. This is far below the 10 ksi CAFL for AASHTO Fatigue Category C, used to evaluate the 
fatigue performance for weld toe stresses, as discussed in Chapter 2 and Chapter 3. However, the 
largest tension stress normal to the weld toe on the rib wall (see Figure 40) is 10.0 ksi at the same 
location which is equal to the CAFL. As shown below, this stress increases slightly as the FEA 
model mesh is refined, and it converges to a value above the CAFL. If this fitted RFB connection 
was to be designed for infinite fatigue life, the LSS would need to be calculated and compared to 
the Category C CAFL as per the AASHTO BDS (AASHTO 2016).  
The largest tension tangential stress at the weld root (see Figure 45) is 10.6 ksi, and the largest 
tension principal stress at the weld root (Figure 45) is 10.7 ksi. Both occur at -54.5 degrees from 
the bottom of Rib 1. The principal stress is dominated by the tangential stress (i.e., the stress 
parallel to the weld axis) with little contribution of stress in other directions, as indicated by their 
similar magnitude. The tension tangential stress and tension principal stress at the weld root are 
below the 16 ksi CAFL for AASHTO Fatigue Category B, which is used in this report to assess 
weld root stresses, as discussed in Chapter 2. The AASHTO BDS (AASHTO 2016) has no 
recommendations for fatigue evaluation of fillet weld roots in RFB connections. AASHTO 
Fatigue Category B was developed by studying fatigue cracks that grew from the fillet weld root 
in welded plate girders subjected to simple primary bending (Fisher, et al.1969). In these welded 
girders, the principal tension stress that caused fatigue cracking from the weld root was 
essentially parallel to the weld axis, which is a stress condition similar to (but not identical to) 
the stress condition at the fitted RFB connection weld root, described above. Therefore, the stress 
at the fitted RFB connection weld root is compared with AASHTO Fatigue Category B in this 
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report, however, this comparison does not indicate that the fatigue resistance of the fitted RFB 
connection weld root is known to be (or recommended to be) AASHTO Fatigue Category B. 
Further discussion is given in Chapter 7. 
The north side of the connection has large compression stresses which are considered to 
contribute to fatigue damage if tension stresses develop at these locations under a different 
fatigue load condition. The largest (in magnitude) compression normal stress at the floor beam 
weld toe is -7.0 ksi at 56.5 degrees and the largest compression normal stress at the rib wall weld 
toe is -17.6 ksi at the same location. This location on the rib wall is expected to be under 
compression under dead load and under all live load conditions, and thus fatigue cracking under 
this level of compression stress is not expected. However, it is important to take note of this high 
compression stress in the rib wall. The largest (in magnitude) compression tangential stress at the 
weld root is at the same location and is -12.7 ksi. Similarly, the largest (in magnitude) 
compression principal stress at the same location at the weld root is -13.0 ksi.  
Fitted RFB Connection Mesh Refinement Study 
FEA analysis of SMC of the fitted RFB connection was conducted to show the effect of mesh 
refinement. Results from MA, SMB, and SMC for the rib wall weld toe, floor beam web weld 
toe, and weld root stresses are compared in Figure 47 through Figure 49. The stresses have a 
similar pattern around the bottom of the RFB connection but increase in magnitude from MA to 
SMB since the SMB mesh is more refined and the welds are modeled in SMB. From SMB to 
SMC, the stresses increase but the increase is not as large as the increase from MA to SMB.  
 
Figure 47. Graph. Comparison of MA, SMB, and SMC stress normal to weld toe on rib 
wall around rib bottom of fitted connection of Rib 1 to independent floor beam (FBS1) 
under in-plane loading. 
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Figure 48. Graph. Comparison of MA, SMB, and SMC stress normal to weld toe on floor 
beam web around rib bottom of fitted connection of Rib 1 to independent floor beam 
(FBS1) under in-plane loading. 
 
Figure 49. Graph. Comparison of MA, SMB, and SMC tangential stress at weld root 
around rib bottom of fitted connection of Rib 1 to independent floor beam (FBS1) under 
in-plane loading. 
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Effects of Variation in Floor Beam Web Depth and Thickness 
Since the large stresses in the fitted RFB connection are related to the shear force in the floor 
beam web, increasing the area of the floor beam web is expected to decrease these stresses. The 
effects of variation in the floor beam web depth and thickness were studied. Five different floor 
beam section geometries were investigated to see if the stresses could be decreased to a level 
below the CAFL for the applicable AASHTO fatigue category. The dimensions of the various 
floor beam web sections, and the resulting largest tension and compression rib wall and floor 
beam web stresses from FEA, can be seen in Table 5.  
Table 5. Largest rib wall, floor beam web, and weld root stresses for fitted connection of 
Rib 1 to independent floor beam with different floor beam webs under in-plane loading 
(SMB). 
Floor 
Beam 
Section 
Name 
Floor 
Beam 
Web 
Depth 
(in) 
Floor 
Beam 
Web 
Thickness 
(in) 
Web 
Area 
Below 
Rib  
(in2) 
Tens. 
Rib 
Wall 
Toe 
Stress 
(ksi) 
Comp. 
Rib 
 Wall 
Toe 
 Stress 
(ksi) 
Tens. 
Floor 
Beam 
Toe 
Stress 
(ksi) 
Comp. 
 Floor 
 Beam 
 Toe 
 Stress 
(ksi) 
Tens. 
Weld  
Root 
Stress 
(ksi) 
Comp. 
Weld 
 Root 
Stress 
(ksi) 
FBS1 34.5 0.5 10.25 10.0 -17.6 5.5 -7.0 10.6 -12.7 
FBS2 30 0.5 8.00 11.9 -18.7 6.3 -7.6 12.1 -13.9 
FBS3 26.5 0.5 6.25 13.3 -19.1 7.1 -8.2 13.7 -14.9 
FBS4 34.5 0.625 12.81 9.5 -16.6 4.8 -5.9 9.9 -11.8 
FBS5 34.5 0.75 15.38 8.7 -15.8 4.4 -5.3 9.0 -10.8 
 
The maximum tension normal stress at the rib wall weld toe and at the floor beam web weld toe, 
and the maximum tension tangential stress at the weld root are plotted versus the area of the floor 
beam web below the rib (which is the area that resists the shear force in the floor beam cross 
section at the rib location) in Figure 50 through Figure 52. It is clear that increasing the floor 
beam web depth or thickness decreases these stresses, and these stresses can be decreased below 
the CAFL for the applicable AASHTO fatigue category. Thus, the fitted RFB connection can be 
designed to have good fatigue performance under in-plane loading when an adequate floor beam 
web geometry is provided.  
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Figure 50. Graph. Maximum stress normal to weld toe on rib wall for fitted connection of 
Rib 1 to independent floor beam with different floor beam webs under in-plane loading 
(SMB). 
 
Figure 51. Graph. Maximum stress normal to weld toe on floor beam web for fitted 
connection of Rib 1 to independent floor beam with different floor beam webs under in-
plane loading (SMB). 
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Figure 52. Graph. Maximum tangential stress at weld root for fitted connection of Rib 1 to 
independent floor beam with different floor beam webs under in-plane loading (SMB). 
The results of this study show that the stresses at the floor beam web and rib wall weld toes, as 
well as at the weld root, of the fitted RFB connection can be easily controlled by increasing the 
floor beam web depth or thickness. For this reason, floor beam web section FBS3, with the 
smallest web area below the rib, was chosen for all subsequent FEA studies of the fitted FRB 
connection. The purpose of using FBS3 was to maintain the worst-case condition for in-plane 
loading when studying the effects of out-of-plane loading, with the knowledge that the floor 
beam section can be changed to decrease the stresses at fatigue prone locations. 
Independent Floor Beam with Fitted RFB Connections Under Out-of-plane Loading  
FEA of the fitted RFB connection for an independent floor beam under out-of-plane loading was 
conducted. As stated earlier, the floor beam web for this portion of the study is 26.5 inches deep 
and 1/2 inch thick. The deck plate is 3/4 inch thick and the floor beam bottom flange is 3/4 inch 
thick, resulting in a total OSD depth of 28 inches. As mentioned in Chapter 3, for studies of out-
of-plane loading and response of RFB connections, the floor beams are spaced at 20 feet in the 
PG model, to maximize the rib rotation and associated effects of out-of-plane loading.  
Half Tandem Loading to Determine Longitudinal Load Position 
An out-of-plane loading condition that created a large rib rotation and resulting stress state for 
the fitted RFB connection was identified, using the half tandem loading discussed in Chapter 3. 
The half tandem loading was centered on Rib 6, at midspan of the floor beams (Figure 53). Rib 6 
was selected to isolate the rib rotation effect for a single rib at the transverse location that is least 
affected by the edge plate girders.  
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Figure 53. Illustration. Transverse load position of half tandem for fitted RFB connection 
of Rib 6 to independent floor beam under out-of-plane loading.  
Six different longitudinal positions of the half tandem were studied using FEA of MA to 
determine which position produced high stresses in the RFB connection from out-of-plane 
loading. The center of the half tandem was moved in 2 foot increments from the center of Floor 
Beam 3, west, towards Floor Beam 4 as can be seen in Figure 54; starting with the half tandem 
centered on Floor Beam 3 and ending with the center of the half tandem located 10 feet from 
Floor Beam 3, centered in the rib span between Floor Beam 3 and Floor Beam 4.  
 
Figure 54. Illustration. Longitudinal load position variation for out-of-plane loading.  
The stresses normal to the fillet weld toes on the west and east sides of the floor beam web from 
FEA using MA were studied for each longitudinal position of the half tandem. As the half 
tandem was positioned farther (west), primarily compression stresses developed on the side of 
the floor beam closest to the load (the west side) while primarily tension stresses developed on 
the side of the floor beam farthest from the load (the east side). For the case of the half tandem 
moving longitudinally from east to west over Floor Beam 3, the location of maximum stress 
(around the bottom of the RFB connection) exhibits a stress reversal as the center of the half 
tandem moves from one side of the floor beam to the other. Therefore, the tension and 
compression stresses that developed on either side of the floor beam web are considered together 
as the stress range. Since the floor beam web weld toe stress range was larger than the rib wall 
weld toe stress range, the floor beam web weld toe was the focus of the study. This stress range 
is compared to the 10 ksi CAFL for AASHTO Fatigue Category C to assess the potential for 
good fatigue performance. The maximum stress range for each position of the half tandem is 
plotted in Figure 55.  
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From Figure 55, it was determined that from the six longitudinal positions that were studied, the 
longitudinal position of the half tandem that produced the greatest stress range was when the 
center of the half tandem was 6 feet from Floor Beam 3, as shown in Figure 56. From FEA of 
MA, this longitudinal load position created a maximum tension stress of 2.1 ksi on the east side 
of the floor beam web and a maximum compression stress of -2.0 ksi on the west side, for a 
resulting stress range of 4.1 ksi. This stress was located at zero degrees around the rib bottom, or 
the exact bottom of the rib. For FEA of SMB, this stress range increased to 8.5 ksi. 
 
Figure 55. Graph. Maximum stress range normal to weld toe on floor beam web for fitted 
connection of Rib 6 to independent floor beam under out-of-plane half tandem loading with 
various longitudinal load positions (MA). 
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Figure 56. Illustration. Load configuration for maximum floor beam web weld toe stress 
for fitted connection of Rib 6 to independent floor beam under out-of-plane loading with 
half tandem centered on Rib 6 and 6 feet west from Floor Beam 3. 
Full Tandem Out-of-plane Loading near Rib 6 
Using the longitudinal load position with the tandem centered 6 feet from Floor Beam 3, 
(determined from half tandem loading) an FEA of SMB was performed to determine the stress 
response of the fitted RFB connection of Rib 6 to an independent floor beam under out-of-plane 
loading with a full tandem loading. Two load pads of the full tandem were centered on Rib 6 
while the other two load pads were located 6 feet to the north, as shown in Figure 57 and Figure 
58.  
 
Figure 57. Illustration. Transverse load position of full tandem for fitted RFB connection of 
Rib 6 to independent floor beam under out-of-plane loading.  
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 Figure 58. Illustration. Load configuration for maximum floor beam web weld toe stress 
for fitted connection of Rib 6 to independent floor beam under out-of-plane loading with 
full tandem centered on Rib 6 and 6 feet west from Floor Beam 3. 
The stresses normal to the floor beam web weld toe around the rib bottom on the west and east 
sides of the floor beam from FEA of SMB for the full tandem loading are plotted and compared 
to the stresses from the half tandem loading in Figure 59. The maximum stress range for the full 
tandem occurs at zero degrees at the bottom of the rib and has a magnitude of 7.1 ksi, which is 
lower than 8.5 ksi for the half tandem. The stress range of 7.1 ksi is below the 10 ksi CAFL for 
AASHTO Fatigue Category C, which indicates the fitted RFB connection with an independent 
floor beam has the potential for good fatigue performance under out-of-plane loading.  
Figure 59 shows that the variation of stresses around the bottom of Rib 6 changes when the 
loading is changed from half tandem to full tandem. Results for the half tandem are distributed 
almost symmetrically about the bottom of the rib, which is expected because the two load pads 
are centered on Rib 6. However, the results for the full tandem are not symmetric about the 
bottom of the rib due to the introduction of torsion in Rib 6 and shear in Floor Beam 3 from the 
two additional load pads. The high compression stresses on the west side of the floor beam move 
to the north around the bottom of Rib 6 towards the side of the rib where the two additional load 
pads of the full tandem are located. The high tension stresses on the east side of the floor beam 
move to the south around the bottom of Rib 6, the opposite direction, towards the side of the rib 
away from the two additional load pads. This stress response causes the stress range at zero 
degrees for the full tandem loading to be less than for the half tandem loading. 
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Figure 59. Graph. Variation in stress normal to weld toe on floor beam web around rib 
bottom of fitted connection of Rib 6 to independent floor beam (FBS3) under out-of-plane 
half tandem or full tandem loading with one set of load pads centered on Rib 6 and tandem 
located 6 feet west from Floor Beam 3 (SMB).  
 
Restrained Floor Beam with Fitted RFB Connections Under Out-of-plane Loading  
The final FEA study of the fitted RFB connection investigated out-of-plane loading of the fitted 
RFB connection with a restrained floor beam. Rib rotations, coupled with restraint of the floor 
beam bottom flange, were expected to produce high weld toe stresses on the floor beam web. 
The floor beam was restrained using Truss System A, described in Chapter 3. The transverse 
load positions used in these FEA are shown in Figure 60. 
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                                 (a) Load position with half tandem centered on Rib 6 
 
                 (b) Load position with one set of load pads of full tandem centered on Rib 6 
Figure 60. Illustrations. Compound figure showing transverse load positions for fitted RFB 
connection of Rib 6 to restrained floor beam under out-of-plane loading. 
The load configurations used for FEA of the fitted RFB connection with a restrained floor beam 
under out-of-plane loading are consistent with the load configurations used for FEA of the fitted 
RFB connection with an independent floor beam under out-of-plane loading. The half tandem 
and full tandem loads are positioned transversely with two of the load pads (all of the half 
tandem as in Figure 60(a), or part of the full tandem as in Figure 60(b)) centered on Rib 6, and 
positioned longitudinally with the half tandem or full tandem centered 6 feet from Floor Beam 3 
(as in Figure 56 and Figure 58). The stress ranges at the floor beam web weld toe for the 
restrained floor beam under out-of-plane loading for half tandem and full tandem loading are 
compared with the results for the independent floor beam in Figure 61 and Figure 62.  
N 
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Restraining the floor beam bottom flange causes the floor beam web weld toe compression 
stresses on the west side of the floor beam web to increase compared to stresses for the 
independent floor beam. The maximum compression stress for the independent floor beam under 
half tandem loading is -4.4 ksi, while the maximum compression stress for the restrained floor 
beam under half tandem loading is -7.2 ksi. The tension stresses do not increase much when the 
floor beam is restrained; for the independent floor beam under half tandem loading, the 
maximum tension stress is 4.3 ksi, while for the restrained floor beam under half tandem loading, 
the maximum stress is 4.7 ksi. The corresponding increase in the floor beam web weld toe stress 
range is from 8.7 ksi to 11.9 ksi from the floor beam restraint. 
A similar increase in floor beam web weld toe stress range from restraining the floor beam 
bottom flange is seen for full tandem loading. For the independent floor beam, the maximum 
stress range is 7.1 ksi, while for the restrained floor beam, the maximum stress range is 11.9 ksi. 
This stress range from FEA model SMB, exceeds the 10 ksi CAFL for AASHTO Fatigue 
Category C. Therefore, a fitted RFB connection used with a restrained floor beam appears 
unlikely to have good fatigue performance for out-of-plane loading unless the floor beam web is 
changed, for example, by increasing the web depth (from 26.5 inches used in the present study) 
to increase the out-of-plane flexibility of the web.  
 
Figure 61. Graph. Comparison of stress normal to weld toe on floor beam web on east and 
west sides of web around rib bottom of fitted connection of Rib 6 to independent or 
restrained floor beam (FBS3) under half tandem out-of-plane loading (SMB). 
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Figure 62. Graph. Comparison of stress normal to weld toe on floor beam web on east and 
west sides of web around rib bottom of fitted connection of Rib 6 to independent or 
restrained floor beam (FBS3) under full tandem out-of-plane loading (SMB).  
 
EXTENDED CUT-OUT RFB CONNECTION ANALYSES 
Extensive research on the geometry of extended cut-outs has been performed in the past, and a 
summary of the various extended cut-out geometry types can be found in the literature review in 
the appendix. For the present study, two cut-out geometries were used, and two terminations; (1) 
with the termination perpendicular to the rib wall and with a wrap-around fillet weld, and (2) 
with the ground smooth tangential termination. There is no internal bulkhead or stiffener. The 
dimensions of the extended cut-out RFB connections that were studied are shown in Figure 63 
and Figure 64.  
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Figure 63. Illustration. Extended cut-out RFB connection with termination perpendicular 
to rib wall with dimensions. 
 
Figure 64. Illustration. Extended cut-out RFB connection with ground smooth tangential 
termination with dimensions. 
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Independent Floor Beam with Extended Cut-out RFB Connections Under In-plane 
Loading 
Similar to the analyses of the fitted RFB connection, the extended cut-out RFB connections were 
studied for an independent floor beam under in-plane loading. The loading was similar to that 
used for the fitted RFB connection FEA, where the full tandem was placed concentrically at 
Floor Beam 3 with one half of the tandem (two load pads) centered between Rib 1 and Rib 2 
(Figure 65). The floor beam has a web depth of 34.5 inches and a web thickness of 1/2 inch, 
termed FBS1 above. The deck plate is 3/4 inch thick and the floor beam bottom flange is 3/4 inch 
thick, resulting in a total OSD depth of 36 inches. 
 
Figure 65. Illustration. Transverse load position of full tandem for extended cut-out RFB 
connection of Rib 1 to independent floor beam under in-plane loading.  
Extended cut-out RFB connections have several fatigue prone locations. One fatigue prone 
location occurs along the edge of the cut-out in the floor beam web. Contour plots of the largest 
magnitude principal stress around the cut-out of the extended cut-out connection with a 
perpendicular termination and a wrap-around fillet weld are shown in Figure 66 and Figure 67. A 
plot of the variation of largest magnitude principal stress around the cut-out for the extended cut-
out RFB connection with a perpendicular termination from FEA of SMB is shown in Figure 68. 
A similar plot of the variation of the largest magnitude principal stress around the cut-out for the 
extended cut-out RFB connection with a ground smooth tangential termination is shown in 
Figure 69. For the extended cut-out RFB connection with a perpendicular termination and a 
wrap-around fillet weld, there is a tension principal stress of 20.7 ksi on the south side of the 
extended cut-out which is adjacent to the edge plate girder. For the extended cut-out RFB 
connection with a ground smooth tangential termination, this tension principal stress is 20.2 ksi. 
This tension stress at the edge of the cut-out is a result of a diagonal tension stress field in the 
floor beam web, similar to that observed for the fitted RFB connection, which is driven by shear 
force in the floor beam web under in-plane loading. However, unlike the fitted RFB connection, 
the diagonal tension field for the extended cut-out RFB connection does not deviate around a 
fillet weld causing a large stress at the weld toe at the rib bottom. Instead, it deviates around the 
extended cut-out below the rib bottom, causing a large stress at the edge of the cut-out. 
Therefore, although two extended cut-out RFB connection terminations were studied, the tension 
principal stress at the edge of the cut-out is similar in magnitude for each termination. Changing 
the extended cut-out RFB connection termination has little effect on the cut-out stresses. The 
stress at this location is below the 24 ksi CAFL for AASHTO Fatigue Category A, which is used 
to assess the stresses at the edge of the cut-out.  
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For both the extended cut-out RFB connection with a perpendicular termination and a wrap-
around fillet weld and a ground smooth tangential termination, there is also a large (in 
magnitude) compression principal stress of -31.3 ksi and -30.2 ksi respectively, on the north side 
of the extended cut-out. This compression stress occurs where the larger lower radius transitions 
into the smaller upper radius. As noted earlier, a compression stress is considered to contribute to 
fatigue damage if a tension stress develops at the same location under a different fatigue load 
condition, however, a location which remains in compression under all fatigue load conditions 
(in combination with dead load stress) is not usually considered when assessing fatigue 
performance (AASHTO 2016). Since the residual stress pattern at the cut-out edge from plasma-
cutting the cut-out into the beam web is unknown, and the full range of stresses at the cut-out 
edge may include tension stresses, this large compression stress could be a concern. In addition, 
fatigue cracks formed under primarily compressive stress ranges at the edges of cut-outs in OSDs 
in tests performed by Lehrke (Lehrke 1990). Limited research exists on the fatigue resistance of 
plasma-cut edges when the stress range is predominantly compression. For this reason, the 
compression stress at the cut-out edge is considered since the stress magnitude exceeds the 24 ksi 
CAFL for AASHTO Fatigue Category A and this stress magnitude will increase as the FEA 
model mesh is refined as shown in the discussion of the FEA results for the slit RFB connection, 
given later. 
 
Figure 66. Illustration. FEA contour of largest magnitude principal stress around cut-out 
of extended cut-out connection with perpendicular termination and wrap-around fillet 
weld of Rib 1 to independent floor beam (FBS1) under in-plane loading (SMB) looking 
west. 
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Figure 67. Illustration. FEA contour of largest magnitude principal stress around cut-out 
of extended cut-out connection with perpendicular termination and wrap-around fillet 
weld of Rib 1 to independent floor beam (FBS1) under in-plane loading (SMB) looking 
northwest. 
 
 
Figure 68. Graph. Variation of largest magnitude principal stress around cut-out of 
extended cut-out connection with perpendicular termination and wrap-around fillet weld 
of Rib 1 to independent floor beam (FBS1) under in-plane loading (SMB). 
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Figure 69. Graph. Variation of largest magnitude principal stress around cut-out of 
extended cut-out connection with ground smooth tangential termination of Rib 1 to 
independent floor beam (FBS1) under in-plane loading (SMB). 
The second fatigue prone location for the extended cut-out RFB connection is at the termination 
on the rib wall. The termination on the rib wall on the north side of the extended cut-out RFB 
connection with a perpendicular termination and a wrap-around fillet weld, which is located 
closer to the full tandem load pads, was studied from FEA of SMB. There is a large tensile stress 
normal to the weld toe of the wrap-around fillet weld as shown in Figure 70. The maximum 
tension stress of 19.7 ksi from FEA of SMB occurs symmetrically on either side of the wrap-
around fillet weld where Path 1 and Path 2 meet and where Path 2 and Path 3 meet, as shown in 
Figure 70. These stresses are well above the 10 ksi CAFL for AASHTO Fatigue Category C, 
even when the largest floor beam section in the study (FBS1) was used.  
These stresses from FEA suggest that the extended cut-out RFB connection with a perpendicular 
termination and a wrap-around fillet weld, and with an independent floor beam, is unlikely to 
have good fatigue performance without design changes. As discussed in Chapter 2, the use of 
internal stiffening of the extended cut-out RFB connection with a perpendicular termination and 
a wrap-around fillet weld could be considered, or a ground smooth tangential termination (rather 
than a wrap-around fillet-welded termination) could be considered. Therefore, FEA of the 
extended cut-out RFB connection with a ground smooth tangential termination was performed 
and compared to the perpendicular termination with a wrap-around fillet weld.  
The termination on the rib wall on the north side of the extended cut-out RFB connection with a 
ground smooth tangential termination was studied from FEA of SMB. The largest stress normal 
to the ground smooth termination of the weld on the rib wall is 12.6 ksi, as shown in Figure 71. 
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By grinding the weld termination smooth with the rib wall, a significant decrease in stress 
normal to the weld termination on the rib wall occurs. Additionally, by grinding the weld 
termination smooth with the rib wall, the fatigue resistance is improved from that of the 
perpendicular termination and a wrap-around fillet weld. This stress is less than the 24 ksi CAFL 
for AASHTO Fatigue Category A, and therefore, the extended cut-out RFB connection with a 
ground smooth tangential termination for an independent floor beam has the potential for good 
fatigue performance. 
 
Figure 70. Graph. Stress normal to wrap-around fillet weld toe on rib wall of extended cut-
out connection of Rib 1 with perpendicular termination and wrap-around fillet weld to 
independent floor beam (FBS1) under in-plane loading (SMB). 
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Figure 71. Graph. Stress normal to weld of ground smooth tangential termination on rib 
wall of extended cut-out of Rib 1 with ground smooth tangential termination to 
independent floor beam (FBS1) under in-plane loading (SMB). 
 
Restrained Floor Beam with Extended Cut-out RFB Connections Under In-plane Loading 
The floor beam was restrained using Truss System B described in Chapter 3. Truss System B 
was used instead of Truss System A to increase the stiffness of the trusses and maximize the 
effects the truss. 
Similar to the FEA of the extended cut-out RFB connection with an independent floor beam, the 
extended cut-out RFB connection with a restrained floor beam was analyzed with the full tandem 
loading placed concentrically at Floor Beam 3 with one half of the tandem (two load pads) 
centered between Rib 1 and Rib 2 (Figure 72). The floor beam section has a web depth of 34.5 
inches and a web thickness of 1/2 inch, termed FBS1 above.  The deck plate is 3/4 inch thick and 
the floor beam bottom flange is 3/4 inch thick, resulting in a total OSD depth of 36 inches. 
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Figure 72. Illustration. Transverse load position of full tandem for extended cut-out RFB 
connection of Rib 1 to restrained floor beam under in-plane loading.  
A plot of the variation of largest magnitude principal stress around the cut-out for the extended 
cut-out with a perpendicular termination and a wrap-around fillet weld from FEA of SMB is 
shown in Figure 73. A similar plot of the variation of the largest magnitude principal stress 
around the cut-out for the extended cut-out RFB connection with a ground smooth tangential 
termination is shown in Figure 74. For the extended cut-out RFB connection with a 
perpendicular termination and a wrap-around fillet weld, the largest tension principal stress on 
the south side of the extended cut-out is 7.3 ksi for the restrained floor beam. For the extended 
cut-out with a ground smooth tangential termination, the largest tension principal stress on the 
south side of the extended cut-out is 7.7 ksi for the restrained floor beam. Compared to the 
results for an independent floor beam, the tension cut-out stress is significantly reduced. The 
magnitudes of these stresses are below the 24 ksi CAFL for AASHTO Fatigue Category A. 
For both extended cut-out terminations, the largest compression principal stress on the north side 
of the extended cut-out is reduced (in magnitude) for the restrained floor beam. The largest 
compression principal stress on the north side of the extended cut-out for the perpendicular 
termination and a wrap-around fillet weld and the ground smooth tangential termination are -22.8 
ksi and -20.2 ksi, respectively. The magnitudes of these stresses are below the 24 ksi CAFL for 
AASHTO Fatigue Category A.  
For the extended cut-out RFB connection with a perpendicular termination and a wrap-around 
fillet weld toe, the stress at the weld toe of the fillet-welded cut-out termination on the rib wall is 
still much higher than the 10 ksi CAFL for AASHTO Fatigue Category C. The stress normal to 
the weld toe of the wrap-around fillet weld is shown in Figure 75. The maximum tension stress 
normal to the weld toe is 21.3 ksi, occurs symmetrically on either side of the wrap-around fillet 
weld where Path 1 and Path 2 meet and where Path 2 and Path 3 meet. 
For the extended cut-out RFB connection with a ground smooth tangential termination, the 
largest tension stress normal to the ground smooth termination of the weld on the rib wall is 13.2 
ksi, as shown in Figure 76. This stress is less than the 24 ksi CAFL for AASHTO Fatigue 
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Category A, and therefore, the extended cut-out RFB connection with a ground smooth 
tangential termination for a restrained floor beam has the potential for good fatigue performance. 
 
Figure 73. Graph. Variation of largest magnitude principal stress around cut-out of 
extended cut-out connection with a perpendicular termination and a wrap-around fillet 
weld of Rib 1 to restrained floor beam (FBS1) under in-plane loading (SMB). 
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Figure 74. Graph. Variation of largest magnitude principal stress around cut-out of 
extended cut-out connection with a ground smooth tangential termination of Rib 1 to 
restrained floor beam (FBS1) under in-plane loading (SMB). 
 
Figure 75. Graph. Stress normal to wrap-around fillet weld toe on rib wall of extended cut-
out connection with perpendicular termination and wrap-around fillet weld of Rib 1 to 
restrained floor beam (FBS1) under in-plane loading (SMB). 
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Figure 76. Graph. Stress normal to weld of ground smooth tangential termination on rib 
wall of extended cut-out with ground smooth tangential termination of Rib 1 to restrained 
floor beam (FBS1) under in-plane loading (SMB). 
 
Restrained Floor Beam with Extended Cut-out RFB Connections Under Out-of-plane 
Loading  
The final FEA of the extended cut-out RFB connection investigated out-of-plane loading of this 
connection with a restrained floor beam. Similar to the other FEA studies of the extended cut-out 
RFB connection, the (FBS1) floor beam web is 34.5 inches deep and 1/2 inch thick. The deck 
plate and floor beam flange are both 3/4 inch thick, resulting in a total OSD depth of 36 inches. 
The floor beams were spaced at 20 feet in the PG model, to maximize the rib rotation and 
associated effects of out-of-plane loading, as discussed in Chapter 3. The floor beams were 
restrained using Truss System B, described earlier, to maximize the effects of rib rotation on 
stresses in the floor beam web and rib wall under out-of-plane loading. 
Three longitudinal load positions of the half tandem were used in the FEA of the extended cut-
out RFB connection under out-of-plane loading. The first position has the half tandem centered 
on Floor Beam 3 (Figure 54). The second position has the half tandem centered 6 feet from Floor 
Beam 3 (Figure 56). The third position has the half tandem centered ten feet from Floor Beam 3, 
at half the rib span between Floor Beam 3 and Floor Beam 4 (Figure 54). Two transverse load 
positions of the half tandem were used in the FEA. The first position, termed the symmetric 
transverse load position, has the load pads centered on Rib 6, as shown in Figure 77(a). The 
second position, termed the eccentric transverse load position, has the two load pads centered 
between Rib 6 and Rib 7, as shown in Figure 77(b).   
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(a) Symmetric transverse load position with half tandem centered on Rib 6 
 
 
(b) Eccentric transverse load position with half tandem centered between Rib 6 and Rib 7 
Figure 77. Illustrations. Compound figure showing transverse load positions for extended 
cut-out RFB connection of Rib 6 to restrained floor beam under out-of-plane loading. 
The weld toe on the rib wall of the wrap-around fillet-weld has large tensile stress normal to the 
weld toe. Figure 78 shows stresses normal to this weld toe from FEA of SMB, on the north side 
of the Rib 6 connection. The stresses are shown for the symmetric transverse load position and 
the three different longitudinal load positions. For the symmetric transverse load position, the 
stresses on the south side of the connection are similar. The maximum stress is 15.4 ksi for the 
concentric longitudinal load position (half tandem centered on Floor Beam 3). The 6-foot and 
10-foot longitudinal load positions produce maximum stresses of 10.3 ksi and 6.0 ksi, 
respectively. Although the stress at the weld toe of the fillet-welded termination decreases as the 
N 
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load moves longitudinally away from the floor beam, it remains above the 10 ksi CAFL for 
AASHTO Fatigue Category C at the 6-foot longitudinal load position.  
The maximum principal stress around the extended cut-out edge at the floor beam web mid-
surface for the symmetric transverse load position and the three longitudinal load positions are 
shown in Figure 79. The maximum stress is -21.7 ksi for the concentric longitudinal load 
position (half tandem centered on Floor Beam 3). The 6-foot and 10-foot longitudinal load 
positions produce maximum stresses of -14.0 ksi and -7.7 ksi, respectively. For the concentric 
position, the stress in the web is from in-plane response of the floor beam, and therefore results 
in the largest stress (in magnitude) at the cut-out edge. The largest extended cut-out edge stress 
from out-of-plane loading occurs when the longitudinal position of the half tandem is 6 feet west 
of Floor Beam 3. The difference in stresses between the east and west faces of the floor beam 
web represents the portion of the stress that is caused by out-of-plane bending of the floor beam 
web due to rib rotation. The maximum principal stresses around the extended cut-out edge on the 
west and east faces of the floor beam for this load position can be seen in Figure 80. The largest 
tension principal stress is 4.8 ksi on the east face, the face farthest from the load. The largest 
compression principal stress is -16.6 ksi on the west face at a different location along the 
extended cut-out edge. The largest difference between the east and west face principal stress 
values (portion of out-of-plane bending) is 5.9 ksi, and is relatively low. The stresses on the mid-
surface, east, and west faces are below the 24 ksi CAFL for AASHTO Fatigue Category A.  
 
Figure 78. Graph. Stress normal to wrap-around fillet weld toe on rib wall of north side of 
extended cut-out connection of Rib 6 to restrained floor beam (FBS1) under out-of-plane 
loading with half tandem in symmetric transverse load position for three different 
longitudinal load positions (SMB). 
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Figure 79. Graph. Variation of largest magnitude principal stress at mid-surface of web 
along cut-out of extended cut-out RFB connection of Rib 6 to restrained floor beam (FBS1) 
under half tandem symmetric out-of-plane loading for various longitudinal load positions 
(SMB).  
 
Figure 80. Graph. Variation of largest magnitude principal stress at east face and west face 
of web along cut-out of extended cut-out RFB connection of Rib 6 to restrained floor beam 
(FBS1) under half tandem symmetric out-of-plane loading and in longitudinal position 6 
feet west of Floor Beam 3 (SMB).  
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FEA of SMB for the eccentric transverse load position was performed to study the effects of 
torsion in the rib (Rib 6), when the half tandem is located between Rib 6 and Rib 7. The stress 
normal to the weld toe of the fillet-welded cut-out termination on the rib wall (Rib 6) is large. 
Figure 81 (rib wall weld toe on north side) and Figure 82 (rib wall weld toe on south side) show 
the stress normal to the weld toe on the rib wall for the eccentric transverse load position 
(between Rib 6 and Rib 7) and the symmetric transverse load position (centered on Rib 6) with 
the 6-foot longitudinal load position. Figure 81 shows the stress normal to the weld toe for the 
north termination (closest to the load for eccentric loading) and Figure 82 shows the stress 
normal to the weld toe for the south termination (farthest from the load for eccentric loading) of 
the cut-out of Rib 6. The torsion in Rib 6 from the eccentric transverse load position causes the 
tension stresses at the rib wall weld toe on the north side of the connection to increase 
significantly, while at the weld toe on the south side of the connection, the stress changes from 
tension to compression. The maximum tension stress of 28.6 ksi and the maximum (in 
magnitude) compression stress of -18.4 for the eccentric transverse load position are well above 
the 10 ksi CAFL for AASHTO Fatigue Category C.   
The maximum magnitude principal stress around the extended cut-out edge at the floor beam 
web mid-surface for the three longitudinal load positions are shown in Figure 83.The concentric 
longitudinal load position (half tandem centered on Floor Beam 3) does not produce the largest 
tension principal stress, unlike the symmetric load condition. Instead, the 6-foot longitudinal load 
position produces the largest tension principal stress of 15.3 ksi on the north side of the cut-out 
(closest to the load); the 10-foot longitudinal load position produces a tension principal stress of 
13.5 ksi. The maximum magnitude principal stresses around the extended cut-out edge on the 
west and east faces of the floor beam web for the 6-foot longitudinal load position are shown in 
Figure 84. The largest tension principal stress on the east face is slightly larger than at the mid-
surface, with a value of 15.8 ksi. The largest compression principal stress of -16.0 ksi occurs on 
the west face at a different location along the cut-out edge. Similar to the results for the 
symmetric transverse load position, the location with the largest compression principal stress 
also has the largest difference between the east and west face stress values, equal to 4.2 ksi. This 
difference represents the portion of the stresses from out-of-plane bending of the floor beam 
web, which is less than the result for the symmetric transverse load position. The stresses on the 
mid-surface, east, and west faces are below the 24 ksi CAFL for AASHTO Fatigue Category A. 
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Figure 81. Graph. Stress normal to wrap-around fillet weld toe on rib wall of north side of 
extended cut-out connection of Rib 6 to restrained floor beam (FBS1) under out-of-plane 
loading with half tandem in symmetric and eccentric transverse load positions and in 
longitudinal position 6 feet west of Floor Beam 3 (SMB).  
 
Figure 82. Graph. Stress normal to wrap-around fillet weld toe on rib wall of south side of 
extended cut-out connection of Rib 6 to restrained floor beam (FBS1) under out-of-plane 
loading with half tandem in symmetric and eccentric transverse load positions and in 
longitudinal position 6 feet west of Floor Beam 3 (SMB).  
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Figure 83. Graph. Variation of largest magnitude principal stress at mid-surface of web 
along cut-out of extended cut-out RFB connection of Rib 6 to restrained floor beam (FBS1) 
under half tandem eccentric out-of-plane loading for various longitudinal load positions 
(SMB).  
 
Figure 84. Graph. Variation of largest magnitude principal stress at east face and west face 
of web along cut-out of extended cut-out RFB connection of Rib 6 to restrained floor beam 
(FBS1) under half tandem eccentric out-of-plane loading and in longitudinal position 6 feet 
west of Floor Beam 3 (SMB). 
-25
-20
-15
-10
-5
0
5
10
15
20
25
-15 -10 -5 0 5 10 15
Pr
in
ci
pa
l S
tre
ss
 (k
si)
Distance Along Cut-out Edge, x (inches)
0ft
6ft
10ft
Lower Cut-out Radius Upper RadiusUpper Radius
-25
-20
-15
-10
-5
0
5
10
15
20
25
-15 -10 -5 0 5 10 15
Pr
in
ci
pa
l S
tre
ss
 (k
si)
Distance Along Cut-out Edge, x (inches)
East Face
West Face
Lower Cut-out Radius Upper RadiusUpper Radius
 77 
SLIT RFB CONNECTION ANALYSES 
As noted earlier, the slit RFB connection has a stress relieving slit in the floor beam web located 
below the rib. However, unlike the extended cut-out RFB connection, the slit is located entirely 
within the web of the floor beam and does not terminate on the rib wall, thereby eliminating the 
stress concentrations caused by the cut-out termination. The slit RFB connection is fillet welded 
all around with the rib passing continuously through a matching opening in the floor beam, 
similar to the fitted RFB connection, which makes it more amenable to automated fabrication 
than the extended cut-out RFB connection. 
The slit RFB connection has not been previously studied, so the initial FEA focused on 
understanding the behavior of the connection and determining favorable geometries for the slit 
that reduce the stresses. A representative slit RFB connection is shown in Figure 85 along with 
notation for the components of the slit geometry. Thirteen different slit geometries were 
investigated, but only six slit geometries that provide insights to the response of the slit RFB 
connection are discussed here. FEA results for other slit geometries can be found in (Marks 
2018). The slit geometry shown in Figure 86, termed Slit 3, was used in the FEA studies as one 
base case. Later in this chapter, results for other slit geometries are also discussed. 
 
Figure 85. Illustration. Slit RFB connection with components labeled. 
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Figure 86. Illustration. Dimensioned Slit 3 RFB connection. 
Independent Floor Beam with Slit RFB Connections Under In-plane Loading 
The slit RFB connection was studied for an independent floor beam under in-plane loading. The 
loading was similar to that used for FEA of the fitted and extended cut-out RFB connections, 
where the full tandem was placed concentrically at Floor Beam 3 with one half of the tandem 
(two load pads) centered between Rib 1 and Rib 2 (Figure 87). The floor beam section has a 
floor beam web depth of 34.5 inches and a web thickness of 1/2 inch, termed FBS1. The deck 
plate and floor beam flange are both 3/4 inch thick, resulting in a total OSD depth of 36 inches. 
 
Figure 87. Illustration. Transverse load position of full tandem for slit RFB connection of 
Rib 1 to independent floor beam of under in-plane loading.  
 
For an independent floor beam, the shear force carried by the floor beam web is relatively large 
compared to the shear force carried by a restrained floor beam, which has vertical support. The 
shear force diagram in Figure 88 shows large shear force in the floor beam web near Rib 1, 
which is adjacent to the edge plate girder.  
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Figure 88. Graph. Shear force in independent floor beam with slit RFB connection under 
full tandem in-plane loading (SMB). 
Full Tandem In-plane Loading near Rib 1 
The results from FEA of SMB for the slit RFB connection with an independent floor beam show 
large magnitude principal stresses around the slit edges of the Rib 1 connection. A large tension 
principal stress of 27.1 ksi can be seen on the lower south edge of the slit for the slit RFB 
connection of Rib 1, which is adjacent to the edge plate girder. A plot of these stresses along the 
bottom of the slit is shown in Figure 89. The large stress along the lower south edge of the slit is 
a result of a diagonal tension stress field in the floor beam web which is driven by shear force in 
the floor beam under in-plane loading. 
A plot of the stresses along the top of the slit is shown in Figure 90. This figure and Figure 89 
show large stresses on the north edge of the slit where Radius 1 and Radius 2 transition into the 
smaller Radius 3 (see Figure 85 for the notation).  The figures show a large tension principal 
stress of 22.7 ksi on the upper north edge of the slit closest to the rib, as well as a large (in 
magnitude) compression principal stress of -41.1 ksi on the lower north edge of the slit. Further 
FEA results discussed below suggest that these stresses are mostly from local deformation of the 
slit from reaction forces in the floor beam web due to rib wall shear forces.  
Figure 91 and Figure 92 show that stresses normal to the weld toes of the fillet weld of the slit 
RFB connection, both on the rib wall and the floor beam web, are small. These stresses are well 
below the 10 ksi CAFL for AASHTO Fatigue Category C. 
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Figure 89. Graph. Variation of largest magnitude principal stress along bottom of slit RFB 
connection (Slit 3) of Rib 1 to independent floor beam (FBS1) under in-plane loading 
(SMB). 
  
Figure 90. Graph. Variation of largest magnitude principal stress along top of slit RFB 
connection (Slit 3) of Rib 1 to independent floor beam (FBS1) under in-plane loading 
(SMB). 
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Figure 91. Graph. Variation in stress normal to weld toe on rib wall around rib bottom of 
slit RFB connection (Slit 3) of Rib 1 to independent floor beam (FBS1) under in-plane 
loading (SMB). 
 
 
Figure 92. Graph. Variation in stress normal to weld toe on floor beam web around rib 
bottom of slit RFB connection (Slit 3) of Rib 1 to independent floor beam (FBS1) under in-
plane loading (SMB). 
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Slit RFB Connection Mesh Refinement Study 
The slit RFB connection results discussed above are from models using the SMB finite element 
mesh. More refined FEA submodels were created to understand how FEA model mesh 
refinement affects the stresses observed around the edge of the slit. In the mesh refinement study 
of the fitted RFB connection, SMC, with a ¼ inch mesh size, was used. However, the stresses 
around the edge of the slit did not appear to converge as the mesh was refined from MA to SMC, 
so two more refined submodels, SMD and SME (described in Chapter 3) were used. 
Figure 93 compares the largest tension principal stress on the bottom south edge of the slit RFB 
connection (Slit 3) of Rib 1 as the FEA model mesh is refined from MA through SME where 
convergence is clearly visible. A summary of the changes in the largest tension principal stress is 
given in Table 6. Results from this mesh refinement study show the stresses around the slit edge 
converge to values close to the stresses from SMD.  However, the computing run time needed to 
perform a parametric study of various slit RFB connections using SMD (or SME) was excessive. 
Therefore, most of the FEA used SMB with the knowledge that the largest observed stresses may 
increase by roughly 40 percent if a more refined submodel is used.  
 
It is also important to consider which stress should be compared to the fatigue resistance for the 
slit edge (i.e., AASHTO Fatigue Category A). Past FEA studies of OSD RFB connections do not 
appear to have used a consistent mesh size. The results in Figure 93 show that the stress at the 
edge of a slit RFB connection varies significantly with the FEA model mesh refinement, and 
varies significantly relative to the applicable 24 ksi CAFL for AASHTO Fatigue Category A. 
Connor and Fisher (Connor and Fisher 2006) discuss how to quantify the fatigue performance of 
the base metal at the edge of a cut-out in an RFB connection. Connor and Fisher (Connor and 
Fisher 2006) state that Category A can be used conservatively to evaluate stresses on cut-out 
edges if a “sufficiently refined mesh” is used. For an accurate assessment of the stress at the slit 
edge using FEA, stress values from SMD, or a mesh with a similar refinement should be used. 
However, regardless of the mesh refinement needed to accurately assess the stress at the slit 
edge, SMB was used in the present study of parameters that affect the stress response of the slit 
RFB connection, to maintain a practical level of FEA effort. 
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Figure 93. Graph. Comparison of largest tension principal stress from MA to SME on the 
bottom south edge of slit (Slit 3) for slit connection of Rib 1 to independent floor beam 
(FBS1) under in-plane loading. 
Table 6. Variation in largest tension principal stress with mesh refinement. 
Model Mesh Size (inches) 
Largest Tension Principal Stress 
(ksi) 
MA 3.5 25.8 
SMB 1 31.7 
SMC 1/4 42.7 
SMD 1/16 45.4 
SME 1/32 45.9 
 
Effects of Variations in Slit Geometry 
Six slit geometries that provide insights to the stress response of the slit RFB connection are 
discussed here. Dimensioned drawings of these six geometries can be seen in Figure 94. 
Slit 3c has the same slit geometry as Slit 3 but has a decreased width of the tab between the rib 
and the slit (ttab), from 3/4 inch to 1/2 inch. Slit 1 and Slit 5 are similar to Slit 3, however, Radius 
1 and Radius 2 (see Figure 85) are changed to investigate how the “flatness” of the slit effects the 
stresses. Slit 8 has an increased upper Radius 3, from 1/2 inch to 1 inch, and Slit 10 uses the 
geometry of the extended cut-out RFB connection, described earlier, with an extension of the 1/2 
inch termination tab all the way around the rib bottom to create a slit RFB connection. All six 
geometries studied have a 1 inch slit width. 
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                                       (a) Slit 1                                               (b) Slit 3 
      
                                     (c) Slit 3c                                                  (d) Slit 5 
      
                                          (e) Slit 8                                              (f) Slit 10 
 
Figure 94. Illustrations. Compound figure showing six slit geometries. 
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These six slit RFB connections were studied with an independent floor beam (FBS3) under full 
tandem in-plane loading near Rib 1. Principal stress results from FEA using SMB for the slit 
edges on the north and south sides of the slit RFB connection are given in Table 7. For each slit 
geometry studied, the largest magnitude principal stresses in both tension and compression are 
above the 24 ksi CAFL for AASHTO Fatigue Category A. For most of the slit geometries, the 
largest tension principal stresses are on the south side of the slit, near or within the tension field 
from the in-plane shear force in this area (near Rib 1). The exception is Slit 1, which has the 
smallest Radius 1 and Radius 2 and therefore does not extend as far into the tension field. The 
largest compression principal stresses on the north side of the slit are very large relative to the 24 
ksi CAFL for AASHTO Fatigue Category A and will likely only increase with further mesh 
refinement. 
Table 7. Largest principal stresses at slit edge on north and south sides of slit RFB 
connection of Rib 1 to independent floor beam with different slit geometries under full 
tandem in-plane loading (SMB). 
Slit 
Geometry 
Name 
Radius 1 
(inches) 
Radius 2 
(inches) 
Radius 3 
(inches) 
South 
Tension 
Principal 
Stress  
(ksi) 
South 
Comp. 
Principal 
Stress  
(ksi) 
North 
Tension 
Principal 
Stress  
(ksi) 
North 
Comp. 
Principal 
Stress  
(ksi) 
Slit 1 5.0625 6.0625 0.5 26.4 -19.6 30.1 -39.1 
Slit 3 6.5 7.5 0.5 31.7 -19.6 28.9 -42.4 
Slit 3c 6.5 7.5 0.5 30.1 -17.7 25.1 -42.4 
Slit 5 8 9 0.5 37.7 -23.5 26.3 -49.0 
Slit 8 6 7.5 1 39.1 -17.2 27.3 -47.4 
Slit 10 4.8125 7.1875 1 24.9 -9.5 24.5 -33.9 
 
Effects of Variation in Floor Beam Web Depth and Thickness 
Similar to the fitted RFB connection, the effects of variation in the floor beam web depth and 
thickness for the slit RFB connection with independent floor beam were studied using FEA of 
SMB. Six different floor beam section geometries were investigated to see if the stresses at the 
slit edge of the Rib 1 slit RFB connection (Slit 3) could be significantly decreased. The 
dimensions of the various floor beam web sections, and the resulting maximum and minimum 
slit edge stresses from FEA (SMB), can be seen in Table 8. The largest tension principal stress 
on the south side and the north side of the slit edge of Rib 1 is plotted against the area of floor 
beam web below the rib (to resist the in-plane shear force) for each floor beam web geometry in 
Figure 95 and Figure 96, respectively. 
Similar to the fitted RFB connection and extended cut-out RFB connection, the large tension 
stress on the south side of the slit RFB connection, which is associated with the tension field 
from the in-plane shear force in this area (near Rib 1), can be reduced by increasing the floor 
beam web depth or thickness as shown in Figure 95. However, even with the largest web (FBS8, 
shown in Table 8), the largest tension principal stress is still 25.6 ksi, which is above the 24 ksi 
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CAFL for AASHTO Fatigue Category A; as shown earlier, this stress at the slit edge will 
increase with a more refined FEA model mesh.  
On the north side of the slit RFB connection, the largest tension principal stress at the slit edge 
does not have a clear relationship with the area of floor beam web below the rib, as seen from the 
dispersion of the six data points in Figure 96.  However, as the floor beam web depth increases, 
the stress decreases, as shown by the results for floor beam sections FBS1, FBS2, and FBS3, 
which have the same web thickness (1/2 inch), but different web depths. Similarly, as the floor 
beam web thickness increases, the stress decreases, as shown by the results for floor beam 
sections FBS3, FBS6, and FBS7, which have the same web depth (26.5 inches), but different 
varying web thicknesses. All floor beam sections have the same deck plate thickness (3/4 inch) 
and floor beam flange thickness (3/4 inch). As the web thickness increases, the stress decrease is 
more pronounced than the stress decrease as the web depth increases, suggesting that the stress at 
the north side of the slit of Rib 1 is more sensitive to changes in web thickness than changes in 
web depth. 
The results of the FEA study show that in-plane stresses at the edge of the slit of a slit RFB 
connection can be decreased by increasing the depth or thickness of the floor beam web thereby 
increasing the web area below the rib. Therefore, the floor beam section FBS3, with the smallest 
web area below the rib, was chosen as the floor beam section geometry for subsequent FEA 
studies, to maintain the worst-case condition for in-plane loading, with the understanding that the 
floor beam web area can be increased to decrease the stresses at fatigue prone locations.  
Table 8. Largest principal stresses on north and south sides of slit RFB connection (Slit 3) 
of Rib 1 to independent floor beam with different webs under in-plane loading (SMB). 
Floor 
Beam 
Section 
Name 
Floor 
Beam 
Web 
Depth 
(inches) 
Floor 
Beam 
Web 
Thickness 
(inches) 
Web 
Area 
Below 
Rib  
(inches2) 
South 
Tension 
Principal 
Stress 
(ksi) 
South 
Comp. 
Principal 
Stress 
(ksi) 
North 
Tension 
Principal 
Stress 
(ksi) 
North 
Comp. 
Principal 
Stress 
(ksi) 
FBS1 34.5 0.5 10.25 27.1 -15.0 22.7 -41.1 
FBS2 30 0.5 8.00 30.8 -16.8 24.4 -43.6 
FBS3 26.5 0.5 6.25 31.7 -19.6 28.9 -42.4 
FBS6 26.5 0.625 7.8125 30.6 -16.0 21.8 -39.9 
FBS7 26.5 0.75 9.375 28.1 -14.1 18.9 -35.6 
FBS8 30 0.75 12.00 25.6 -12.6 17.5 -33.8 
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Figure 95. Graph. Largest tension principal stress on south side of slit RFB connection (Slit 
3) of Rib 1 to independent floor beams with different webs under in-plane loading (SMB). 
 
Figure 96. Graph. Largest tension principal stress on north side of slit RFB connection (Slit 
3) of Rib 1 to independent floor beams with different webs under in-plane loading (SMB). 
The FEA results for the slit RFB connection with an independent floor beam show that the shear 
force carried by the floor beam web creates large tension principal stresses at the edge of the slit. 
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As the floor beam web size is varied, these large tension stresses at the slit edge vary, but these 
stresses were not reduced below the 24 ksi CAFL for AASHTO Fatigue Category A for any of 
the cases that were studied. Furthermore, the stresses used in this study to assess the fatigue 
performance were from SMB, while the FEA model mesh refinement study showed that these 
stresses will increase as the mesh is refined. Therefore, it appears that using the slit RFB 
connection with an independent floor beam is unlikely to provide good fatigue performance 
under in-plane loading unless significant changes in the floor beam design are made, relative to 
the floor beam sections considered in the FEA study. This observation is consistent with the 
notion that RFB connections with cut-outs may be better suited for restrained floor beams. For 
this reason, further FEA studies of the slit RFB connection with an independent floor beam, 
including under out-of-plane loading, were not conducted. The additional FEA studies of the slit 
RFB connection focus on the slit RFB connection with a restrained floor beam. 
Restrained Floor Beam with Slit RFB Connections Under In-plane Loading 
The slit RFB connection was studied for in-plane loading with a restrained floor beam. The 
support provided by the truss decreases the in-plane shear force carried by the floor beam web, 
which was shown to create large tension principal stresses on the bottom south edge of the slit of 
the RFB connection of Rib 1 to an independent floor beam.   
Full Tandem In-plane Loading near Rib 1 with Restrained Floor Beam 
FEA studies using SMB were conducted using Truss System B, discussed in Chapter 3, to 
restrain the floor beam. The slit RFB connection with the restrained floor beam was studied 
using the same transverse load position for the full tandem loading as the slit RFB connection 
with the independent floor beam, as shown in Figure 97. Figure 98 shows the floor beam shear 
force which is decreased significantly at Rib 1 for the restrained floor beam compared to the 
independent floor beam.  
 
Figure 97. Illustration. Transverse load position of full tandem for slit RFB connection of 
Rib 1 to restrained floor beam under in-plane loading. 
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Figure 98. Graph. Floor beam shear force under full tandem in-plane loading for slit RFB 
connection to independent and restrained floor beams (SMB).  
The largest magnitude principal stress along the top and bottom edges of the slit RFB connection 
of Rib 1 from FEA using SMB under the loading shown in Figure 97 can be seen in Figure 99 
and Figure 100, respectively. The tension principal stresses are far below the 24 ksi CAFL for 
AASHTO Fatigue Category A. The largest tension principal stress is 15.5 ksi at the top of the 
north side of the slit, and even with a 43% increase, which is expected with further mesh 
refinement, this stress is below 24 ksi. The largest (in magnitude) compression principal stress is 
-29.7 ksi at the bottom of the slit on the north side. These stress values are much lower than for 
an independent floor beam, which are 22.7 ksi and -41.1 ksi, respectively. The stress reduction is 
significant on both the top and bottom of the south side of the slit, which is closest to the edge 
plate girder. These results confirm that the stresses along the bottom of the slit on the south side 
are significantly affected by shear in the floor beam web. The reduction in stresses on the north 
side of the slit is not as significant as that on the south side, suggesting that mechanisms other 
than floor beam shear force dominate the stresses on the north side of the slit for this load 
position. 
As noted earlier, compression stress is considered to contribute to fatigue damage if tension 
stress develops at the same location under a different fatigue load condition. However, a location 
which remains in compression under all fatigue load conditions (in combination with dead load 
stress) is not usually considered when assessing fatigue performance (AASHTO 2016). Since the 
residual stress pattern at the slit edge is unknown, and the full range of stresses that may occur at 
the slit edge from different fatigue load conditions may include tension stresses, the large 
compression stresses could be a concern. In addition, fatigue cracks formed under primarily 
compressive stress ranges at the edges of cut-outs in OSDs in tests performed by Lehrke (Lehrke 
1990). Limited research exists on the fatigue resistance of plasma-cut edges when the primary 
stress range is compression. For this reason, the compression stress at the slit edge is considered 
since the stress magnitude exceeds the 24 ksi CAFL for AASHTO Fatigue Category A and this 
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stress magnitude will increase as the FEA model mesh is refined. 
 
Figure 99. Graph. Variation of largest magnitude principal stress along top of slit RFB 
connection (Slit 3) of Rib 1 to restrained floor beam (FBS3) under full tandem in-plane 
loading (SMB). 
 
Figure 100. Graph. Variation of largest magnitude principal stress along bottom of slit 
RFB connection (Slit 3) of Rib 1 to restrained floor beam (FBS3) under full tandem in-
plane loading (SMB). 
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Effects of Variations in Slit Geometry 
Similar to the study performed with an independent floor beam, a study on the effect of 
variations in the slit geometry was performed with a restrained floor beam. Besides the six 
geometries discussed above, Slit 9 (Figure 101) with slit width decreased from 1 inch to ½ inch 
is included in this study, with additional FEA results in (Marks 2018).  
                                       
(a) Slit 1                                                    (b) Slit 9 
Figure 101. Illustrations. Compound figure showing two slit geometries with varying slit 
width, tslit. 
The slit RFB connections with different slit geometries were studied with a restrained floor beam 
(FBS3) under full tandem in-plane loading near Rib 1. Principal stress results from FEA using 
SMB for the slit edges on the north and south sides of the slit RFB connection are shown in 
Table 9. With a restrained floor beam and a reduction in the in-plane floor beam shear force, the 
principal stresses at the slit edge on the south side of the rib significantly decrease, and are below 
the 24 ksi CAFL for AASHTO Fatigue Category A. Comparing the results for Slit 1, Slit 3, and 
Slit 5, the tension stresses on the south side of the slit associated with shear force in the floor 
beam increase when the slit is “flattened” into the tension stress field produced by shear force in 
the floor beam. However, a flatter slit geometry seems to have less deformation and stress at the 
top of the slit caused by reaction forces from shear and torsion in the rib wall. Comparing the 
results for Slit 3 and Slit 8, increasing Radius 3 with a restrained floor beam decreases most of 
the maximum principal stresses on the slit edge. Changing the width of the tab between the rib 
and the slit from 3/4 inch in Slit 3 to 1-1/2 inch in Slit 3c has minimal effect. Comparing the 
results for Slit 1 and Slit 9, the smaller slit width results in a smaller upper Radius 3, 
subsequently increasing the magnitude of the slit edge stresses at both the top and bottom edges. 
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Table 9. Largest principal stresses at edge of slit on north and south sides of slit RFB 
connection of Rib 1 to restrained floor beam with different slit geometries under full 
tandem in-plane loading (SMB). 
Slit 
Geometry 
Name 
Radius 
1 
(inches) 
Radius 
2 
(inches) 
Radius 
3 
(inches) 
Tab 
Width 
ttab 
(inches) 
Slit 
Width 
tslit 
(inches) 
South 
Tension 
Principal 
Stress 
(ksi) 
South 
Comp. 
Principal 
Stress 
(ksi) 
North 
Tension 
Principal 
Stress 
(ksi) 
North 
Comp. 
Principal 
Stress 
(ksi) 
Slit 1 5.0625 6.0625 0.5 0.75 1 8.0 -8.5 20.2 -25.4 
Slit 3 6.5 7.5 0.5 0.75 1 9.8 -6.9 15.5 -29.7 
Slit 3c 6.5 7.5 0.5 1.5 1 9.1 -6.8 16.4 -26.8 
Slit 5 8 9 0.5 0.75 1 11.0 -8.8 12.0 -33.0 
Slit 8 6 7.5 1 0.75 1 12.1 -6.6 14.9 -28.4 
Slit 9 5.0625 5.5625 0.25 0.75 0.5 8.7 -9.3 23.8 -28.3 
Slit 10 6.5 7 0.75 0.75 1 7.1 -4.8 17.2 -24.4 
 
Half Tandem Loading near Rib 6 with Restrained Floor Beam   
FEA using SMB was performed that focused on a slit RFB connection which is unaffected by the 
floor beam shear force conditions at Rib 1, which is adjacent to the edge plate girder that is the 
reaction point for the floor beam shear. Rib 6, the rib at midspan of the floor beam, was the focus 
of this FEA study. The half tandem loading was used to focus the study on the effects of the 
transverse position of the load pads and to eliminate the floor beam shear force response to the 
additional two load pads that are included in the full tandem loading. Two transverse positions 
were studied, namely the symmetric transverse load position in Figure 102(a), with the load pads 
centered on Rib 6, and the eccentric transverse load position in Figure 102(b), with half tandem 
centered between Rib 6 and Rib 7. 
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                 (a) Symmetric transverse load position with half tandem centered on Rib 6 
 
       (b) Eccentric transverse load position with half tandem centered between Rib 6 and Rib 7 
Figure 102. Illustrations. Compound figure showing transverse load positions for slit RFB 
connection of Rib 6 to restrained floor beam under in-plane loading. 
Plots of the largest magnitude principal stress along the top and bottom edges of the slit RFB 
connection of Rib 6 for the symmetric and eccentric transverse load positions are shown in 
Figure 103 through Figure 106. The largest stresses along the edges of the slits are at locations 
closest to the load pads. The stress responses tend to be symmetric about the longitudinal 
centerline of the load pads (transverse to the floor beam) for both the symmetric and eccentric 
transverse load positions.  
N 
N 
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Figure 103. Graph. Variation of largest magnitude principal stress along top of slit RFB 
connection (Slit 3) of Rib 6 to restrained floor beam (FBS3) under half tandem symmetric 
in-plane loading (SMB). 
 
Figure 104. Graph. Variation of largest magnitude principal stress along bottom of slit 
RFB connection (Slit 3) of Rib 6 to restrained floor beam (FBS3) under half tandem 
symmetric in-plane loading (SMB). 
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Figure 105. Graph. Variation of largest magnitude principal stress along top of slit RFB 
connection (Slit 3) of Rib 6 to restrained floor beam (FBS3) under half tandem eccentric in-
plane loading (SMB). 
 
Figure 106. Graph. Variation of largest magnitude principal stress along bottom of slit 
RFB connection (Slit 3) of Rib 6 to restrained floor beam (FBS3) under half tandem 
eccentric in-plane loading (SMB). 
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For the symmetric transverse load position, the largest tension principal stress from FEA using 
SMB is 9.0 ksi at the top of each side of the slit beneath Rib 6. The largest compression principal 
stress is -19.8 ksi at the bottom of each side of the slit. These stress values are significantly 
below the 24 ksi CAFL for AASHTO Fatigue Category A. The maximum tension principal 
stresses at the slits of Rib 5 and Rib 7 have a value of only 5.8 ksi. 
For the eccentric transverse load position, the largest tension principal stress for the slit of Rib 6 
is 9.1 ksi at the top north edge, and the largest tension principal stress for the slit of Rib 7 is 8.8 
ksi at the top south edge. The largest compression principal stress for the slit of Rib 6 is -19.9 ksi  
at the bottom north edge, and the largest compression principal stress for the slit of Rib 7 is -19.5 
ksi at the bottom south edge. Again, these stress values from FEA using SMB are below the 24 
ksi CAFL for AASHTO Fatigue Category A. Also noteworthy from the FEA results is the sharp 
stress gradient at the north corner of the slit of Rib 6 and the south corner of the slit of Rib 7 
where the stress varies from about 9 ksi in tension (Figure 105), to about -20 ksi in compression 
(Figure 106) over a short distance. These stresses have an approximately symmetric distribution 
about the centerline of the load pads. The stresses for the eccentric transverse load position are 
slightly larger than those for the symmetric load position as a result of torsion in the ribs from the 
eccentric load position.  
For both transverse load positions near Rib 6, the tension stresses at the top edge of the slit and 
compression stresses at the bottom edge of the slit, are similar to the stress for the north edge of 
the slit at Rib 1 when the load pads were eccentric (transversely, between Rib1 and Rib 2) for 
both independent and restrained floor beams. These stresses appear to be from reaction forces in 
the floor beam web from rib wall shear force and torsion in the rib which produce local 
deformation and stress at the top edge of the slit. These stresses are not as large (in magnitude) as 
the stresses on the south edge of the slit of Rib 1 (adjacent to the edge plate girder) from in-plane 
floor beam shear forces.  
Restrained Floor Beam with Slit RFB Connections Under Out-of-plane Loading 
FEA studies using SMB of the slit RFB connection with a restrained floor beam under out-of-
plane loading were conducted. In these studies, the floor beam section (FBS3) has a web depth of 
26.5 inches and a web thickness of 1/2 inch, which provided the smallest web area below the rib 
among the floor beam sections that were studied previously. The deck plate and floor beam 
flange both have a thickness of 3/4 inch, resulting in a total OSD depth of 28 inches. The floor 
beam bottom flange was restrained using the truss system. The floor beam spacing is 20 feet in 
the PG model, to maximize the rib rotation and associated effects of out-of-plane loading, as 
discussed in Chapter 3.  
FEA results from a parametric slit geometry study above found that the maximum magnitude 
principal stress on the slit edge in Slit 8, shown in Figure 107, is close to the average maximum 
magnitude principal stress of the seven slit geometries studied. Also, the relatively large Radius 3 
of the Slit 8 geometry was considered to be easier to fabricate. Therefore, Slit 8 was used for the 
slit RFB connection in the out-of-plane loading studies. The floor beams in the PG model were 
restrained using Truss System B, described earlier. 
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Figure 107. Illustration. Dimensioned Slit 8 RFB connection. 
 
Loading to Determine Longitudinal Load Position 
FEA using MA was conducted to determine the out-of-plane load condition which creates high 
stress conditions at the fatigue prone locations of the slit RFB connection. To isolate the effect of 
out-of-plane rib rotation, the half tandem loading was used with the half tandem placed in a 
transverse load position with the load pads centered on Rib 6, as shown in Figure 108. Eleven 
different longitudinal positions of the half tandem were studied to determine which position 
results in significant stresses from out-of-plane loading at the fatigue prone locations. The center 
of the half tandem was moved in 2 foot increments from the center of Floor Beam 3 west 
towards Floor Beam 4 as shown in Figure 109; starting with tandem centered on Floor Beam 3 
and ending with the tandem centered on Floor Beam 4.  
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Figure 108. Illustration. Transverse load position of half tandem for RFB slit connection of 
Rib 6 to restrained floor beam under out-of-plane loading.  
 
 
 
Figure 109. Illustration. Longitudinal load position variation for out-of-plane loading.  
The large compression principal stress on the bottom north edge of the slit of the RFB 
connection of Rib 6, discussed earlier for in-plane loading, was noted for each longitudinal load 
position. The stress value at the mid-surface of the floor beam web, similar to the stress values 
presented for the FEA studies of in-plane loading presented earlier, was of interest. In addition, 
the stress values from the west face and east face of the floor beam web were also of interest, 
since they reflect the effect of floor beam web plate bending, which is the anticipated out-of-
plane response to rib rotation. As the half tandem loading is moved from Floor Beam 3 toward 
Floor Beam 4 and the loading moves toward the midspan of the ribs, the ribs and deck plate 
deflect downward, resulting in rotation of the ribs into the span at the locations where the ribs are 
supported by the floor beam. The floor beam web plate bending from compatibility with the rib 
rotation results in differences in the stresses on the west and east face of the floor beam web at 
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the slit edge. This difference in the stresses on the west face and east face is the portion of the 
stress from out-of-plane bending. The stresses from these three locations (west face, east face, 
and mid-surface at the bottom north edge of the slit where the large compression principal stress 
was observed for in-plane loading) from FEA of MA for all eleven longitudinal load positions 
are shown in Figure 110 and summarized in Table 10. 
 
Figure 110. Graph. Largest compression principal stress at bottom north edge of slit RFB 
connection (Slit 8) of Rib 6 to restrained floor beam (FBS3) on west face, east face, and 
mid-surface of web for various longitudinal load positions (MA). 
 
N 
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Table 10. Largest compression principal stress at bottom north edge of slit RFB connection 
(Slit 8) of Rib 6 to restrained floor beam (FBS3) on east face and west face of web for 
various longitudinal load positions (MA). 
Load 
Position 
(feet) 
Stress on 
East Face 
(ksi) 
Stress on 
West Face 
(ksi) 
Difference 
(ksi) 
0 -15.0 -15.0 0.0 
2 -12.8 -15.7 2.9 
4 -9.9 -15.3 5.4 
6 -7.2 -13.2 6.0 
8 -5.0 -10.8 5.8 
10 -3.4 -8.4 5.0 
12 -2.1 -6.3 4.2 
14 -1.3 -4.4 3.1 
16 -0.7 -2.8 2.1 
18 -0.3 -1.6 1.3 
20 0.1 -0.6 0.7 
 
This study of longitudinal load position has two main results. First, the largest out-of-plane effect 
occurs when the half tandem is centered 6 feet west of Floor Beam 3, resulting in the maximum 
out-of-plane bending of the slit RFB connection. The difference in stress between the east and 
west faces was 6.0 ksi. Second, the longitudinal load position with the half tandem centered 2 
feet west of Floor Beam 3 produces the largest compression stress. A compression principal 
stress of -15.7 ksi developed on the west face of the floor beam web at the slit edge which is 
slightly greater than the largest compression stress for in-plane loading (-15.0 ksi).  In this 
longitudinal load position 2 feet west, one load pad of the half tandem is directly centered on 
Floor Beam 3, and the other load pad is 4 feet into the rib span between Floor Beam 3 and Floor 
Beam 4. This load position creates a large in-plane response at the slit edge like that seen 
previously, while also introducing some out-of-plane loading response from rib rotation. Since 
the in-plane response was studied earlier and this FEA study focused on out-of-plane effects, the 
six foot longitudinal load position, which caused the largest out-of-plane stress component, was 
the focus of the out-of-plane loading study. 
Full Tandem Out-of-plane Loading near Rib 6  
Similar to previous out-of-plane loading studies, two transverse positions were studied, namely 
the symmetric transverse load position in Figure 111(a), with one half of the full  tandem 
centered on Rib 6, and the eccentric transverse load position in Figure 111(b), with one half of 
the full tandem centered between Rib 6 and Rib 7. 
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(a)  Symmetric transverse load position with half of the tandem centered on Rib 6 
 
(b)  Eccentric transverse load position with half of the tandem centered between Rib 6 and Rib 7 
Figure 111. Illustrations. Compound figure showing transverse load positions for slit RFB 
connection of Rib 6 to restrained floor beam under out-of-plane loading. 
When the full tandem is located 6 feet west of Floor Beam 3 and the transverse load position is 
symmetric on Rib 6, the slit edge stresses on the east and west faces of the floor beam web from 
FEA using SMB are as shown in Figure 112 and Figure 113. The stresses are below the 24 ksi 
CAFL of AASHTO Fatigue Category A, and the 6.7 ksi difference in stresses between the east 
and west faces on the bottom north side of the slit edge from out-of-plane bending of the floor 
beam web is the largest difference at the edge of the slit.  
Figure 114 and Figure 115 show stresses normal to the weld toes of the fillet weld of the slit 
RFB connection for the symmetric transverse load position on Rib 6, both on the rib wall and the 
floor beam web. The stresses normal to the rib wall fillet weld toe (Figure 114) are all 
N 
N 
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compression stresses. On the east side of the floor beam at the bottom of the rib, the largest 
compressive stress at the rib weld toe is -10.1 ksi. The magnitude of this stress is above the 10 
ksi CAFL for AASHTO Fatigue Category C. Compression stress is expected to contribute to 
fatigue damage only if tension stress develops at the same location under a different fatigue load 
condition.  Since the full range of stresses that may occur at the bottom of the rib at the rib wall 
weld toe from different fatigue load conditions may include tension stress, the large compression 
stress could be a concern. However, dead loads such as the weight of the steel used in the OSD 
or the wearing surface on the deck will likely create additional compression stresses at the rib 
wall weld toe which may cause the full stress range at the rib wall weld toe to be entirely 
compressive.  
The stresses normal to the floor beam fillet weld toe (Figure 115) are small. These stresses are 
well below the 10 ksi CAFL for AASHTO Fatigue Category C. 
 
Figure 112. Graph. Variation of largest magnitude principal stress along bottom of slit (Slit 
8) for slit RFB connection of Rib 6 to restrained floor beam (FBS3) on east and west faces 
of web under full tandem, symmetric out-of-plane loading and in longitudinal position 6 
feet west of Floor Beam 3 (SMB). 
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Figure 113. Graph. Variation of largest magnitude principal stress along top of slit (Slit 8) 
for slit RFB connection of Rib 6 to restrained floor beam (FBS3) on east and west faces of 
web under full tandem, symmetric out-of-plane loading and in longitudinal position 6 feet 
west of Floor Beam 3 (SMB). 
 
Figure 114. Graph. Variation in stress normal to weld toe on rib wall around rib bottom of 
slit RFB connection (Slit 8) of Rib 6 to restrained floor beam (FBS3) on east and west faces 
of FB under full tandem, symmetric out-of-plane loading and in longitudinal position 6 feet 
west of Floor Beam 3 (SMB). 
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Figure 115. Graph. Variation in stress normal to weld toe on floor beam web around rib 
bottom of slit RFB connection (Slit 8) of Rib 6 to restrained floor beam (FBS3) on east and 
west faces of web under full tandem, symmetric out-of-plane loading and in longitudinal 
position 6 feet west of Floor Beam 3 (SMB). 
When the full tandem is located 6 feet west of Floor Beam 3 and the transverse load position is 
eccentric to Rib 6, the slit edge stresses on the east and west faces of the floor beam web from 
FEA using SMB are as shown in Figure 116 and Figure 117. The stresses are below the 24 ksi 
CAFL of AASHTO Fatigue Category A, and the 5.2 ksi difference in stresses between the east 
and west faces on the bottom north side of the slit edge from out-of-plane bending of the floor 
beam web is the largest difference at the edge of the slit. Eccentric loading introduces rib torsion 
and causes the stresses to increase compared to symmetric loading. The magnitudes of the 
stresses, however, are far below those from the in-plane loading because the shear forces in the 
rib walls are smaller, resulting in smaller reaction forces acting on the floor beam web, because 
the full tandem loading is within the span between Floor Beam 3 and Floor Beam 4. 
Figure 118 and Figure 119 show stresses normal to the weld toes of the fillet weld of the slit 
RFB connection for the eccentric transverse load position on Rib 6, both on the rib wall and the 
floor beam web. The stresses normal to the rib wall fillet weld toe (Figure 118) are all 
compression stresses, but unlike the symmetric transverse load position, the magnitude of these 
stresses is well below the 10 ksi CAFL for AASHTO Fatigue Category C. The stresses normal to 
the floor beam fillet weld toe (Figure 119) are also well below the 10 ksi CAFL for AASHTO 
Fatigue Category C. 
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Figure 116. Graph. Variation of largest magnitude principal stress along bottom of slit (Slit 
8) for slit RFB connection of Rib 6 to restrained floor beam (FBS3) on east and west faces 
of web under full tandem, eccentric out-of-plane loading and in longitudinal position 6 feet 
west of Floor Beam 3 (SMB). 
 
Figure 117. Graph. Variation of largest magnitude principal stress along top of slit (Slit 8) 
for slit RFB connection of Rib 6 to restrained floor beam (FBS3) on east and west faces of 
web under full tandem, eccentric out-of-plane loading and in longitudinal position 6 feet 
west of Floor Beam 3 (SMB). 
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Figure 118. Graph. Variation in stress normal to weld toe on rib wall around rib bottom of 
slit RFB connection (Slit 8) of Rib 6 to restrained floor beam (FBS3) on east and west faces 
of FB under full tandem, eccentric out-of-plane loading and in longitudinal position 6 feet 
west of Floor Beam 3 (SMB). 
 
Figure 119. Graph. Variation in stress normal to weld toe on floor beam web around rib 
bottom of slit RFB connection (Slit 8) of Rib 6 to restrained floor beam (FBS3) on east and 
west faces of web under full tandem, eccentric out-of-plane loading and in longitudinal 
position 6 feet west of Floor Beam 3 (SMB). 
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SUMMARY OF FEA  
The fitted RFB, extended cut-out RFB, and slit RFB connections were studied using FEA for 
various loading and restraint conditions. In addition, different RFB connection and floor beam 
geometries, and different finite element mesh densities were investigated. To facilitate the 
parametric study, the FEA stress results were compared with the CAFL for the appropriate 
AASHTO fatigue categories to identify conditions under which an RFB connection has the 
potential for good fatigue performance. 
The FEA results for a fitted RFB connection with an independent floor beam demonstrate the 
potential for good fatigue performance. The maximum stress normal to the rib wall weld toe and 
normal to the floor beam web weld toe under both in-plane and out-of-plane loading with a full 
tandem are less than the 10 ksi CAFL for AASHTO Fatigue Category C when adequate floor 
beam web depth and thickness are provided. The FEA results show that a fitted RFB connection 
with a restrained floor beam is unlikely to have good fatigue performance for out-of-plane 
loading unless the floor beam web is changed relative to the floor beam web used in the FEA 
study, to increase the out-of-plane flexibility of the web. The fitted RFB connection with an 
independent floor beam subjected to in-plane loading was selected for the full-scale laboratory 
tests to further study the fatigue resistance of this connection. The fitted RFB connection with a 
restrained floor beam subjected to out-of-plane loading was also chosen for the full-scale 
laboratory tests to assess if these loading and restraint conditions will indeed lead to fatigue 
cracking. 
The FEA results show that the extended cut-out RFB connection with a perpendicular 
termination and a wrap-around fillet weld develops stresses on the rib wall, normal to the wrap-
around fillet weld toe, that are large, with both independent and restrained floor beams, and thus 
is unlikely to result in good fatigue performance without design changes. Therefore, the extended 
cut-out RFB connection with a wrap-around fillet-welded termination was not selected for the 
full-scale laboratory tests. The FEA results show that the extended cut-out RFB connection with 
a ground smooth tangential termination develops stresses on the cut-out edge above the 24 ksi 
CAFL for AASHTO Fatigue Category A with an independent floor beam. With a restrained floor 
beam, the cut-out edge stress and the stress normal to the ground smooth tangential termination 
on the rib wall are below the 24 ksi CAFL for AASHTO Fatigue Category A, and therefore has 
the potential for good fatigue performance. However, as discussed in Chapter 2, the ground 
smooth tangential termination is difficult to fabricate and has been extensively studied and 
laboratory tested (Tsakopoulos and Fisher 2003) (Tsakopoulos and Fisher 2005). Therefore, the 
extended cut-out RFB connection with a ground smooth tangential termination on the rib wall 
was not selected for the full-scale laboratory tests.   
The FEA results for a slit RFB connection with an independent floor beam subjected to in-plane 
loading show that large stresses develop on the inside edge of the slit. These stresses are much 
greater than the 24 ksi CAFL for AASHTO Fatigue Category A. For the slit RFB connection, slit 
edge stress results for a restrained floor beam under in-plane loading are much smaller than those 
for an independent floor beam. The slit edge compressive stress results for a restrained floor 
beam under in-plane loading are greater in magnitude than the 24 ksi CAFL for AASHTO 
Fatigue Category A. The slit edge stress results from FEA for a restrained floor beam under out-
of-plane loading are less than the 24 ksi CAFL for AASHTO Fatigue Category A. For the same 
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restraint and loading conditions, the rib wall weld toe stress range is slightly greater than the 10 
ksi CAFL for AASHTO Fatigue Category C, but fatigue is not a concern for this location since, 
considering the presence of compressive dead load stresses, the entire stress cycle is 
compressive. Since a slit RFB connection has never been previously tested, and it has the 
potential for good fatigue performance, the slit RFB connection with a restrained floor beam 
under both in-plane and out-of-plane loading was selected for the full-scale laboratory tests.   
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CHAPTER 5. TEST SETUP AND FINITE ELEMENT ANALYSIS FOR FULL-SCALE 
RIB-TO-FLOOR BEAM CONNECTION FATIGUE TEST SPECIMENS 
TESTING OVERVIEW 
Test Plan 
To assess the rib-to-floor beam (RFB) connection response to fatigue loading, as well as the 
manufacturability and potential for automated fabrication of the RFB connections, as discussed 
previously, several full-scale fatigue tests were conducted. Four test specimens, two with fitted 
RFB connections and two with slit RFB connections were designed and fabricated. The fitted 
RFB connection was selected because it appears to be amenable to automated fabrication, since 
it includes only fillet welds and does not include an extended cut-out, which increases the 
potential for automated welding. At the same time, finite element analysis (FEA) results for a 
fitted RFB connection with an independent floor beam indicated the potential for good fatigue 
performance. The slit RFB connection was chosen since the fabrication process is similar to that 
of the fitted RFB connection, with the additional requirement for a slit to be cut into the floor 
beam web plate. At the same time, FEA results for a slit RFB connection with a restrained floor 
beam indicated the potential for good fatigue performance. 
Each of the four test specimens comprises a rib-deck-floor beam panel assembly to which an 
edge plate girder (web and bottom flange) is added to the north end of the floor beam (see Figure 
120 and Figure 121). On the south end of the floor beam, an extension beam is added, which 
enables various transverse load positions (along the floor beam) to be used, and thereby allows 
for greater control of the floor beam shear in the test specimen. The rib-deck-floor beam panel 
includes four 6 feet long cold-bent ribs, a 6 feet by 10 feet-4 inches deck plate, and a built up 9 
feet-11 inches long by 2 feet-4 inches deep floor beam (see Figure 122).  The web of the edge 
girder has a depth of 38-1/2 inches and thickness of 9/16 inch. The bottom flange of the edge 
plate girder is 12 inches wide and ¾ inch thick. There are 3 stiffeners with ½ inch thickness on 
the outer web face of the edge plate girder, centered over the two supports and at midspan. The 
edge plate girder is welded to the floor beam web and deck plate of the rib-deck-floor beam 
panel via fillet welds. Details of the fabrication of the four test specimens are presented in 
Chapter 6. 
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Figure 120. Illustration. Overview of test specimen and extension beam FEA model, where 
specimen (rib-deck-floor beam panel and edge plate girder) and extension beam are shown. 
 
 
 
Figure 121. Illustration. Transverse view of fitted RFB connection specimen with extension 
beam. Transverse view of slit RFB connection specimen with extension beam is similar. 
Four test specimens were fabricated to permit multiple fatigue tests to be performed for each 
type of RFB connection. With two test specimens and multiple ribs, several fatigue test data 
points were anticipated for each RFB connection type. Additionally, two mock-up specimens 
were fabricated to enable the fabricators to develop some experience before fabricating the test 
specimens.  
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Figure 122. Illustration. Dimensioned transverse view of rib-deck-floor beam panel with 
fitted RFB connections. Panel with slit RFB connections is similar. 
The results of FEA of the PG model presented in Chapter 4 show that the fitted RFB connection 
with an independent floor beam under in-plane loading will develop a significant tension stress 
normal to the weld toe on the rib wall, which is driven by floor beam shear and localized rib wall 
bending. The FEA results from the PG model presented in Chapter 4 show that the fitted RFB 
connection with a restrained floor beam under out-of-plane loading will develop a significant 
stress range normal to the weld toe on the floor beam web, which is driven by rib rotation. The 
fatigue tests studied the fitted RFB connection with an independent floor beam under in-plane 
loading, and the fitted RFB connection with a restrained floor beam under out-of-plane loading.    
The FEA results from the PG model with the slit RFB connections and a restrained floor beam 
under in-plane loading show that a large compression stress will develop at the slit edge, which 
is driven by floor beam shear, and reactions in the floor beam web to rib wall shear forces, as 
discussed in Chapter 4. The FEA results from the PG model with the slit RFB connections with a 
restrained floor beam under out-of-plane loading show that modest levels of stress will develop 
in the slit and weld of the RFB connection due to rib rotation. The tests studied the slit RFB 
connection with a restrained floor beam under both in-plane loading and out-of-plane loading.  
Test Setup 
Test Specimen with Extension Beam 
As discussed above, the test specimens have four cold-bent ribs, a deck plate, a built-up welded 
floor beam, and an edge plate girder as shown in Figure 120 and Figure 121. An extension beam 
is attached to the test specimen floor beam prior to installing the specimen in the test setup. The 
extension beam enables various transverse load positions to be used, and thereby allows for 
greater control of the floor beam shear in the test specimen. The extension beam has a depth of 
26–1/2 inches and flanges that are 12 inches wide and ¾ inch thick, matching the specimen floor 
beam dimensions. Two ½ inch thick transverse stiffeners are fillet welded to the extension beam 
web at the support. The extension beam is connected to the rib-deck-floor beam panel using slip-
critical bolted web and bottom flange splices, and a single-bevel CJP weld at the top flange and 
deck plate interface.  
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Test Fixtures  
The test specimens were tested in a setup in the ATLSS Engineering Research Center laboratory 
shown in Figure 123 and Figure 124. The test fixtures were designed to simulate conditions in 
the PG model. The setup has four W12x190 lab columns and two overhead beams (each is a pair 
of W30x292 beams) supported on an existing steel grillage test bed in the ATLSS laboratory. A 
W14x311 load beam was connected to the underside of the two overhead beam pairs. The load 
beam supports the hydraulic actuators, which apply loads to the test specimens from above. Steel 
spreader beams were used for in-plane loading to distribute the actuator force to three or four 
load pads, simulating the tandem axle truck tires. Elastomeric bearing pads were installed 
between the deck plate and spreader beams to prevent steel-on-steel fretting fatigue. The test 
specimens were supported on W12x72 stub columns atop W14x426 pedestal beams that were 
attached to the steel grillage below. Elastomeric bearing pads were installed between the 
specimens and stub columns to evenly distribute load from the specimens to the supporting 
elements below. Two specimens were tested simultaneously in this test setup. 
 
Figure 123. Illustration. Test setup used for in-plane loading tests. 
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Source: Lehigh University 
 
Figure 124. Photo. Test setup in ATLSS laboratory prior to installation of test specimens. 
Photo by Joseph Saunders, Lehigh University. 
Floor Beam Restraint Fixtures 
Test fixtures were designed to simulate the restraint of the floor beam bottom flange in the PG 
model with restrained floor beams. The floor beam restraint fixtures were designed to simulate 
both the lateral and vertical restraint provided to the floor beams by the floor trusses in the PG 
models (see Figure 29 and Figure 30). 
To provide floor beam restraint for the slit RFB connection test specimens, a 15 foot long built-
up steel box beam was connected to the bottom flange of the specimen floor beam and extension 
beam (see Figure 125). The box beam had the same cross-section properties as Truss System B. 
To provide vertical and transverse restraint, steel frames with W16x40 columns, 44 inches in 
length, and a W12x120 beam, 40 inches in length were, installed beneath and transverse to the 
test specimen floor beam. Truss System B has panel points supporting the truss chords under Rib 
1 and Rib 6 in the PG model. To simulate this restraint condition, one steel frame was installed 
between Rib 1 and Rib 2 and a second frame was installed underneath Rib 4 of the test 
specimens. The floor beam restraint fixtures for the slit RFB specimen shown in Figure 125 and 
Figure 126 were used for both in-plane loading and out-of-plane loading tests.  
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Figure 125. Illustration. Cross-section of slit RFB connection specimen test setup showing 
floor beam restraint fixture. 
 
Figure 126. Illustration. Transverse view of slit RFB connection specimen test setup 
showing floor beam restraint fixture. 
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For the fitted RFB connection test specimens, one steel frame was installed underneath Rib 4 to 
provide vertical and transverse restraint to the bottom flange of the floor beam during out-of-
plane loading tests, since the out-of-plane loading tests simulate a restrained floor beam 
condition. For in-plane loading of the fitted RFB connection test specimen, floor beam restraint 
fixtures were not installed, since these tests simulate an unrestrained floor beam condition. 
Boundary Conditions 
The test specimens were simply supported by three elastomeric bearing pads on stub columns, 
one on the south end of the extension beam, and two located at the east and west ends of the edge 
plate girder. The elastomeric bearing pads on edge plate girder are shown in Figure 127. 
 
       Source: Lehigh University 
 
Figure 127. Photo. Elastomeric bearing pads under edge plate girder. Photo by Yixin Chen, 
Lehigh University. 
Torsional rotation of the south end of the extension beam was restrained by preventing lateral 
displacements of the top and bottom flanges. The restraints consist of four stiffened L8x8x½ 
angles mounted to the existing grillage columns. The restraints are shown in Figure 128.  
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     Source: Lehigh University 
 
Figure 128. Photo. Torsional restraints at end of extension beam. Photo by Yixin Chen, 
Lehigh University. 
Loading 
In-Plane Loading  
In-plane loading was applied to the test specimens using either three or four elastomeric load 
pads (representing tandem axle truck tires). Each load pad is 10 inches long by 20 inches wide to 
replicate the load patch of the rear tandem axle of the fatigue design truck from the AASHTO 
BDS (AASHTO 2016), shown in Figure 28. The spacing of the load pads was 2 feet, which is 
smaller than the tandem axle spacing of 4 feet as shown in Figure 28. The load pad configuration 
has the same 6 feet transverse spacing as the rear tandem axle and is referred to herein as the 
modified tandem axle. The modified tandem axle was used on the test specimens to reduce the 
primary bending stresses in the ribs, since the ribs are cantilevered from a single floor beam in 
the test specimens, but the ribs are continuous over multiple spans between floor beams in the 
PG model (and in actual OSDs).  
Two versions of the modified tandem axle loading that were used for in-plane loading are shown 
in Figure 129. The four load pad configuration (Figure 129 (a)) was used when possible. When 
the transverse position of one pair of load pads required the other pair of load pads to be off the 
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specimen deck plate, a three load pad configuration was used, in which one pair of load pads was 
replaced with a single load pad centered on the extension beam (Figure 129 (b)).   
         
(a) In-plane loading with four load pads 
 
(b) In-plane loading with three load pads 
Figure 129. Illustration. Compound figure showing plan view of four load pad and three 
load pad configurations.  
 
Out-of-Plane Loading  
The out-of-plane loading configuration had two 10 inches long by 7 inches wide elastomeric load 
pads positioned at the edge of the specimen panel deck, centered on Rib 4 as shown in Figure 
130. This load configuration was used to generate rib rotation and reactions in the floor beam 
web to rib wall shear forces at the RFB connection of Rib 4.  
 
Figure 130. Illustration. Plan view of out-of-plane load pad configuration on Rib 4. 
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FINITE ELEMENT MODELS OF TEST SPECIMENS 
FEA of the test specimens was performed using ABAQUS. The test specimens and extension 
beam were modeled using twenty-node reduced integration, solid hexahedral elements. The 
supporting steel test fixtures, floor beam restraint fixtures, and the I-shaped members of the 
grillage test bed were included in the FEA model and were modeled with quadratic shell 
elements. The test fixture columns and beams are connected using node-based tie constraints. 
The elastomeric bearing pads were modeled with twenty-node reduced integration, solid 
hexahedral hybrid with linear pressure elements formulated for hyper-elastic material.  The 
nodes at the top and bottom surface of the elastomeric bearing pads were restrained at the 
interfaces to the adjacent steel surfaces using node-based multi-point constraints. The overall 
FEA model for full-scale specimen tests is shown in Figure 131. 
The test specimen FEA models had an average element size of 1 inch, the same mesh size as 
SMB used for FEA of the PG model, as described in Chapter 3. Under similar loading 
conditions, one or more RFB connections of the test specimens are expected to have stress 
response from FEA similar to that of a corresponding RFB connection in the PG model from 
SMB.  
 
Figure 131. Illustration. Overall FEA model for test specimen with fitted RFB connections 
under in-plane loading. 
  
 119 
FITTED RFB CONNECTION TEST SPECIMEN IN-PLANE LOADING FEA 
The fitted RFB connection test specimen with an independent floor beam was analyzed for in-
plane loading to study the effects of floor beam shear force and localized rib wall bending. The 
fitted RFB connections of Rib 1 and Rib 2 were selected for study under in-plane loading since 
the floor beam web near these RFB connections carries the largest floor beam shear force in the 
test specimen. In order to test two fitted RFB connections simultaneously with similar levels of 
shear force in the adjacent floor beam web, the transverse loading position, shown in Figure 132, 
was selected to maximize the floor beam shear force in the floor beam web near both Rib 1 and 
Rib 2. This loading configuration used a three load pad configuration, described earlier.  
 
Figure 132. Illustration. Transverse in-plane load positions for fitted RFB connection test 
specimen with independent floor beam. 
Target Weld Toe Stress from PG Model 
From FEA of the PG model with the full tandem in-plane loading near Rib 1, as described in 
Chapter 4, the largest tension stress normal to the weld toe on the floor beam web is 7.1 ksi from 
SMB at -56.5 degrees from the bottom of rib. The largest tension stress normal to the weld toe on 
the rib wall is 13.3 ksi from SMB. This stress was shown to increase with additional mesh 
refinement. The largest compression stress normal to the weld toe on the floor beam web is -8.2 
ksi from SMB at 56.5 degrees and the largest compression stress normal to the weld toe on the 
rib wall is -19.1 ksi from SMB. The largest tangential stresses at the weld root are 13.7 ksi in 
tension and -14.9 ksi in compression.  
The stresses normal to the weld toe of the fitted RFB connection of Rib 1 from the PG model 
were used as the target weld toe stresses for the fitted RFB connections of Rib 1 and Rib 2 of the 
test specimens for the in-plane loading tests. The target weld toe stresses in the test specimens 
were intended to be greater than the 10 ksi CAFL for AASHTO Fatigue Category C, with the 
intent of developing fatigue cracks during the tests to validate the use of this fatigue category and 
to study the development of the resulting fatigue cracks. 
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Specimen FEA Results 
The distribution of floor beam shear force from the fitted RFB connection test specimen FEA 
model under in-plane loading is shown in Figure 133. As shown, the floor beam shear force near 
Rib 1 and near Rib 2 is 44.3 kips and 43.4 kips, respectively. The stresses on the rib wall and 
floor beam web discussed below are equal on either side (east or west) of the floor beam web due 
to the symmetry of loading in the fitted RFB connection test specimen FEA model. 
 
Figure 133. Graph. Shear force in fitted RFB connection test specimen with independent 
floor beam under in-plane loading. 
Figure 134 shows the circumferential variation of the stress normal to the weld toe on the rib 
wall of the RFB connections of Rib 1 and Rib 2. At Rib 1, the largest compression stress normal 
to the weld toe on the rib wall is -13.2 ksi, which occurs at -56.5 degrees, and the largest tension 
stress normal to the weld toe on the rib wall is 14.6 ksi, which occurs at 62.7 degrees. At Rib 2, 
the largest compression stress normal to the weld toe on the rib wall is -21.9 ksi, which occurs at 
-56.5 degrees, and the largest tension stress normal to the weld toe on the rib wall is 12.9 ksi, 
which occurs at 56.5 degrees. These stresses exceed the 10 ksi CAFL for AASHTO Fatigue 
Category C. 
Figure 135 shows the circumferential variation of the stress normal to the weld toe on the floor 
beam web of the RFB connections of Rib 1 and Rib 2. At Rib 1, the largest compression stress 
normal to the weld toe on the floor beam web is -8.1 ksi, which occurs at -50.2 degrees, and the 
largest tension stress normal to the weld toe on the floor beam web is 8.5 ksi, which occurs at 
50.2 degrees. At Rib 2, the largest compression stress normal to the weld toe on the floor beam 
web is -9.3 ksi, which occurs at -50.2 degrees, and the largest tension stress normal to the weld 
toe on the floor beam web is 7.8 ksi which occurs at 50.2 degrees. These stresses are less than the 
10 ksi CAFL for AASHTO Fatigue Category C. 
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Figure 134. Graph. Variation in stress normal to weld toe on rib wall around rib bottom of 
fitted RFB connections of Rib 1 and Rib 2 of test specimen with independent floor beam 
under in-plane loading. 
Figure 136 shows the circumferential variation of the tangential stress at the weld root of the 
RFB connections of Rib 1 and Rib 2. At Rib 1, the largest (in magnitude) compression tangential 
stress at the weld root is -15.2 ksi, which occurs at -50.2 degrees and the largest tension 
tangential stress is 15.8 ksi, which occurs at 50.2 degrees. At Rib 2, the largest (in magnitude) 
compression tangential stress is -16.5 ksi, which occurs at -50.2 degrees and the largest tension 
tangential stress is 14.5 ksi, which occurs at 50.2 degrees. These largest magnitude tangential 
stresses at the weld root are close to the 16 ksi CAFL for AASHTO Fatigue Category B. 
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Figure 135. Graph. Variation in stress normal to weld toe on floor beam web around rib 
bottom of fitted RFB connections of Rib 1 and Rib 2 of test specimen with independent 
floor beam under in-plane loading. 
 
 
 
Figure 136. Graph. Variation in tangential stress at weld root around rib bottom of fitted 
RFB connections of Rib 1 and Rib 2 of test specimen with independent floor beam under 
in-plane loading. 
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FITTED RFB CONNECTION TEST SPECIMEN OUT-OF-PLANE LOADING FEA 
The fitted RFB connection test specimen with a restrained floor beam was analyzed for out-of-
plane loading to study the effects of a rib rotation and restraint of the floor beam bottom flange 
on fatigue performance. Under out-of-plane loading of a fitted RFB connection, the rib rotates 
relative to the floor beam web causing out-of-plane bending of the floor beam web. The relative 
rotation and corresponding floor beam web plate bending produce significant stress normal to the 
floor beam weld toe and the rib wall weld toe, as observed in the results of the PG model. From 
FEA, the rib rotation is quantified using the displacements (in the longitudinal direction of the 
rib) of the nodes at the mid-surface of the floor beam web at the rib cut-out, via trigonometric 
calculations. Looking north, a clockwise rotation is defined as positive. The target rib rotations 
for the test specimen are expected to produce stress normal to the weld toe on the floor beam 
web that exceed the 10 ksi CAFL for AASHTO Fatigue Category C. 
The RFB connection of Rib 4, which is the farthest rib from the edge plate girder of the test 
specimen, similar to Rib 6 in the PG model, was selected as the focus of the out-of-plane loading 
tests. A floor beam restraint fixture was attached to the floor beam bottom flange underneath Rib 
4 to provide vertical and transverse restraint of the floor beam bottom flange at the location of 
Rib 4.  
Target Rib Rotation from PG Model 
From FEA of the PG model, described in Chapter 4, with a restrained floor beam and full tandem 
axle loading, with half of the tandem centered on Rib 6, and the full tandem located 6 feet from 
Floor Beam 3, the rib rotations, coupled with restraint of the floor beam bottom flange, produce a 
significant stress range normal to the weld toe on the floor beam web. Figure 137 shows stresses 
located at zero degrees around the rib bottom, at the west face of the floor beam web, which are 
normal to the floor beam web weld toe and the rib wall weld toe under three different full tandem 
out-of-plane loading positions (6 feet west from Floor Beam 3, zero feet from Floor Beam 3 and 
6 feet east from Floor Beam 3). Stress reversal occurs at the floor beam web weld toe as the rib 
rotates both counter-clockwise and clockwise as the tandem axle moves from 6 feet west to 6 
feet east along the length of the bridge. The controlling stress range normal to the floor beam 
web weld toe is the difference between the stress corresponding to the largest clockwise rib 
rotation and the stress corresponding to the largest counter-clockwise rib rotation. Since primary 
(negative) bending of the rib is significant, the stress at the rib wall weld toe remains 
compressive, regardless of the position of the load, so a stress reversal does not occur at the rib 
wall weld toe. The controlling stress range normal to the rib wall weld toe equals the largest 
compression stress normal to the weld toe. 
A rib rotation of 0.084 degrees, which produces the maximum stress range normal to the weld 
toes of the fitted RFB connection of Rib 6 of the PG model is the target rotation for the out-of-
plane loading tests of Rib 4 of the fitted RFB connection specimen. The corresponding stress 
range normal to the weld toe on the floor beam web is 11.9 ksi and the stress range normal to the 
weld toe on the rib wall is 16.4 ksi (in compression), as shown in Figure 137. These stresses 
exceed the 10 ksi CAFL for AASHTO Fatigue Category C.  
 
 124 
 
Figure 137. Graph. Stress normal to weld toe on rib wall and floor beam web for fitted 
RFB connection at the bottom of Rib 6 (zero degrees) to restrained floor beam under full 
tandem out-of-plane loading. 
Specimen FEA Results  
The out-of-plane loading configuration for the fitted RFB connection test specimens is shown in 
Figure 130. When the applied force at the east end of Rib 4 is 12.5 kips, and the applied force at 
the west end of Rib 4 is 13.7 kips, the 1.2 kips difference produces a rib rotation of 0.091 degrees 
towards the west. When the applied forces are reversed (12.5 kips at the west end of Rib 4 and 
13.7 kips at the east end of Rib 4), the rotation reverses (0.091 degrees towards the east). The 
resulting stress range at the floor beam web weld toe is 11.2 ksi. The stress range at the rib wall 
weld toe is 16.9 ksi, which is produced by the maximum applied force of 13.7 kips, as shown for 
the PG model under out-of-plane loading.  
Figure 138 shows the circumferential variation of the stress normal to the weld toe on the rib 
wall when the applied force at the east end of Rib 4 is 12.5 kips, and the applied force at the west 
end of Rib 4 is 13.7 kips. The figure shows that the stress normal to the weld toe on the rib wall 
does not reverse (change sign) when the applied forces are reversed, since the stress normal to 
the weld toe on the rib wall is always compressive with a maximum of -16.9 ksi. Since the stress 
does not reverse, the largest magnitude stress (-16.9 ksi) is the maximum stress range.  
Figure 139 shows the circumferential variation of the stress normal to the weld toe on the floor 
beam web when the applied force at the east end of Rib 4 is 12.5 kips, and the applied force at 
the west end of Rib 4 is 13.7 kips. The figure shows that the stress normal to the weld toe on the 
floor beam web changes sign from one face of the web to the other (comparing the stresses for 
the west and east weld toes). Therefore, the stress range can be determined as the difference 
between the two stresses plotted in the figure, which would result from reversing the applied 
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forces (to 12.5 kips at the west end of Rib 4 and 13.7 kips at the east end of Rib 4). The 
maximum stress range is 11.2 ksi for the floor beam weld toe of the fitted RFB connection of Rib 
4 in the test specimen. The stress ranges at both the floor beam web weld toes and the rib wall 
weld toe exceed the 10 ksi CAFL for AASHTO Fatigue Category C. 
Figure 140 shows the circumferential variation of the tangential stress at the weld root of the 
RFB connection of Rib 4. The figure shows the stress magnitudes are relatively small, less than 3 
ksi and are far below the 16 ksi CAFL for AASHTO Fatigue Category B.  
 
Figure 138. Graph. Variation in stress normal to weld toe on rib wall around rib bottom of 
fitted RFB connection of Rib 4 of test specimen with restrained floor beam under out-of-
plane loading with 12.5 kips at east end and 13.7 kips at west end of Rib 4. 
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Figure 139. Graph. Variation in stress normal to weld toe on floor beam web around rib 
bottom of fitted RFB connection of Rib 4 of test specimen with restrained floor beam under 
out-of-plane loading with 12.5 kips at east end and 13.7 kips at west end of Rib 4. 
 
Figure 140. Graph. Variation in tangential stress at weld root around rib bottom of fitted 
RFB connection of Rib 4 of test specimen with restrained floor beam under out-of-plane 
loading with 12.5 kips at east end and 13.7 kips at west end of Rib 4. 
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SLIT RFB CONNECTION TEST SPECIMEN IN-PLANE LOADING FEA 
The slit RFB connection specimen with a restrained floor beam was analyzed for two in-plane 
loading configurations to study the effects on the slit RFB connection from floor beam shear and 
reactions in the floor beam web to rib wall shear forces. The FEA results for the PG model, 
presented in Chapter 4, show that large compressive stresses develop along the slit edge under 
in-plane loading conditions when the floor beam is restrained. For the test specimens, two in-
plane loading test phases were studied, termed Phase A and Phase B.  
During Phase A, the test specimen was loaded with the four load pad configuration (shown in 
Figure 129 (a)) with a total applied force of 83 kips, corresponding to the AAHSTO Fatigue I 
load combination for OSDs. As shown in Figure 141, the left side of the tandem axle was 
centered over Rib 4, while the right side was positioned between Rib 1 and Rib 2. During Phase 
B, the test specimen was loaded with the three load pad configuration (shown in Figure 129 (b)) 
with one side of the tandem positioned between Rib 2 and Rib 3 and the single load pad on the 
extension beam as shown in Figure 142. The total applied force for Phase B was 25% greater 
than in Phase A, that is, 83 kips x 1.25 = 104 kips, which is 25% greater than the AASHTO 
Fatigue I load combination total factored tandem axle load for OSDs.  
 
Figure 141. Illustration. Transverse load positions for Phase A of in-plane loading test of 
slit RFB connection test specimen with restrained floor beam. 
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Figure 142. Illustration. Transverse load positions for Phase B of in-plane loading test of 
slit RFB connection test specimen with restrained floor beam. 
Target Slit Edge Stress from PG Model 
The slit edge stresses from FEA of the PG model were used to determine target edge stresses for 
the two phases of in-plane loading of the slit RFB connection test specimens with a restrained 
floor beam. 
Phase A 
The study of the slit RFB connection PG model with a restrained floor beam (Chapter 4) shows 
that under full tandem in-plane loading near Rib 1 (Figure 97), the largest stresses occurred at 
Rib 1 where the floor beam shear under in-plane loading was the largest, with the largest 
magnitude principal stress from SMB equal to -29.6 ksi. The largest tension principal stress at 
the slit edge was much smaller. This compression principal stress was used as the target stress 
for the slit edge of the slit RFB connection of Rib 1 in the test specimen, which is located closest 
to the edge plate girder of the test specimen and also experiences the largest floor beam shear 
under Phase A of the in-plane loading tests. 
When the half tandem was located in the symmetric transverse load position centered on Rib 6 of 
the PG model (Figure 102 (a)), the largest magnitude principal stress from SMB was a 
compression principal stress at the (bottom) slit edge, equal to -19.8 ksi. The largest tension 
principal stress at the slit edge was much smaller. This compression principal stress was used as 
the target stress for slit edge of the slit RFB connection of Rib 4 in the test specimen. 
Phase B 
When the half tandem was located in the eccentric transverse load position relative to Rib 6 of 
the PG model (Figure 102 (b)), the largest magnitude principal stresses from SMB were -19.9 ksi 
at the (bottom) slit edge of the Rib 6 RFB connection and -19.5 ksi at the (bottom) slit edge of 
the Rib 7 RFB connection. With a 25% increase in the load, as described earler, these stresses 
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become -24.9 ksi and -24.4 ksi, respectively, which were used as the target stresses for the slit 
edges of the RFB connections of Rib 2 and Rib 3 of the test specimen. Note that these target 
stresses are compressive (since the corresponding tension principal stresses are much smaller), 
which decreases the potential for fatigue cracking, however, the magnitudes of these target 
stresses exceed the 24 ksi CAFL for AASHTO Fatigue Category A. 
Specimen FEA Results 
The loading configurations for the slit RFB connection test specimen for the two phases of in-
plane loading tests are shown in Figure 141 and Figure 142. The corresponding FEA results are 
shown in Table 11. The table presents the largest compression principal stresses along the edges 
of the slits of the four RFB connections of the test specimen. The corresponding tension principal 
stresses are much smaller. Table 11 shows that the largest compression principal stresses along 
the edges for both Phase A loading and Phase B loading are close to the target slit edge stresses 
from the PG model described in the previous section. The following subsections present the slit 
edge stresses for the slit RFB connection test specimen under in-plane loading in more detail. 
Table 11. Largest magnitude principal stresses at slit edges of RFB connections from FEA 
for two phases of in-plane loading tests of slit RFB connection test specimen. 
Test Phase Load (kips) 
 Stress at 
Rib 1  
(ksi) 
Stress at 
Rib 2  
(ksi) 
 Stress at 
Rib 3  
(ksi) 
 Stress at 
Rib 4  
(ksi) 
A 83 -28.9 -15.2 -3.7 -21.8 
B 104 -8.5 -25.8 -27.5 -16.5 
 
Phase A 
The variation in the largest magnitude principal stress along the top and bottom edges of the slit 
of the RFB connection of Rib 1 can be seen in Figure 143 and Figure 144, respectively. The 
largest compression principal stress is -28.9 ksi at the bottom of the slit edge on the south side. 
The largest tension principal stress at the south side of the top edge is much smaller in 
magnitude. 
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Figure 143. Graph. Variation in largest magnitude principal stress along top of slit for RFB 
connection of Rib 1 of test specimen with restrained floor beam under Phase A in-plane 
loading. 
   
Figure 144. Graph. Variation in largest magnitude principal stress along bottom of slit for 
RFB connection of Rib 1 of test specimen with restrained floor beam under Phase A in-
plane loading. 
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The variation in the largest magnitude principal stress along the top and bottom edges of the slit 
of the RFB connection of Rib 4 can be seen in Figure 145 and Figure 146, respectively. The 
largest compression principal stress is -21.8 ksi at both the north and south sides of the bottom 
edge of the slit. The largest tension principal stress at both the north and south sides of the top 
edge of the slit is much smaller in magnitude. 
  
Figure 145. Graph. Variation in largest magnitude principal stress along top of slit for RFB 
connection of Rib 4 of test specimen with restrained floor beam under Phase A in-plane 
loading. 
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Figure 146. Graph. Variation in largest magnitude principal stress along bottom of slit for 
RFB connection of Rib 4 of test specimen with restrained floor beam under Phase A in-
plane loading. 
Phase B 
The variation in the largest magnitude principal stress along the top and bottom edges of the slit 
of the RFB connection of Rib 2 can be seen in Figure 147 and Figure 148, respectively. The 
largest compression principal stress is -25.8 ksi at the south side of the bottom edge. The largest 
tension principal stress at the south side of the top edge is much smaller in magnitude. 
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Figure 147. Graph. Variation in largest magnitude principal stress along top of slit for RFB 
connection of Rib 2 of test specimen with restrained floor beam under Phase B in-plane 
loading. 
  
Figure 148. Graph. Variation in largest magnitude principal stresses along bottom of slit 
for RFB connection of Rib 2 of test specimen with restrained floor beam under Phase B in-
plane loading. 
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The variation in the largest magnitude principal stress along the top and bottom edges of the slit 
of the RFB connection of Rib 3 can be seen in Figure 149 and Figure 150, respectively. The 
largest compression principal stress is -27.5 ksi at the north side of the bottom edge of the slit. 
The largest tension principal stress at the north side of the top edge of the slit is much smaller in 
magnitude. 
  
Figure 149. Graph. Variation in largest magnitude principal stress along top of slit for RFB 
connection of Rib 3 of test specimen with restrained floor beam under Phase B in-plane 
loading. 
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Figure 150. Graph. Variation in largest magnitude principal stress along bottom of slit for 
RFB connection of Rib 3 of test specimen with restrained floor beam under Phase B in-
plane loading. 
SLIT RFB CONNECTION TEST SPECIMEN OUT-OF-PLANE LOADING FEA 
The slit RFB connection specimen with a restrained floor beam was analyzed for three out-of-
plane loading configurations to demonstrate that: (1) rib rotation results in only modest levels of 
stress in the weld and at the slit edge of the slit RFB connection; and (2) even under out-of-plane 
loading, the floor beam web reactions to the rib wall shear forces generate large stresses at the 
slit edge. The force acting on the floor beam web that equals the reaction to the rib wall shear 
force (which is caused by the torsion and shear forces carried by the rib) is denoted the “rib wall 
shear reaction”. The magnitude of the rib wall shear reaction was estimated from the FEA results 
by integrating the element stresses in both walls of the rib on each side of the floor beam. The 
resulting estimated shear force diagram for a rib in the FEA model for the test specimen is shown 
in Figure 151. The estimated “rib wall shear reaction”, indicated in the figure, is the 
corresponding force acting on the floor beam web. 
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Figure 151. Illustration. Estimated rib shear force diagram showing floor beam web 
reaction to rib wall shear forces for slit RFB connection specimen. 
The slit RFB connection of Rib 4, which is the farthest rib from the edge plate girder of the test 
specimen, similar to Rib 6 in the PG model, was selected as the focus of the out-of-plane loading 
tests. One steel restraint fixture was installed underneath Rib 4 to provide vertical and transverse 
restraint of the bottom flange of the floor beam during out-of-plane loading tests, since the out-
of-plane loading tests include a restrained floor beam condition. 
For the test specimens, three out-of-plane loading test phases were studied, termed Phase A, 
Phase B, and Phase C. Phase A studied the response of the test specimen to a rib rotation and 
estimated rib wall shear reaction at Rib 4 that are both similar in magnitude to the rib rotation 
and estimated rib wall shear reaction from the PG model (for the slit RFB connection of Rib 6). 
Phase B studied the response of the test specimen to a rib wall shear reaction that is similar in 
magnitude to that from the PG model, along with a rib rotation that is 40% larger than that from 
the PG model. Finally, Phase C studied the response of the test specimen to a rib rotation similar 
to that from the PG model, along with a rib wall shear reaction that is 40% larger than that from 
the PG model. The three test phases used different applied forces at the ends of the rib (see 
Figure 130) to create these variations in the rib rotation and the rib wall shear reaction.  
Target Rib Rotation and Rib Wall Shear Reaction from PG Model  
Similar to the fitted RFB connection, in the PG model with slit RFB connections and restrained 
floor beams, the stress ranges are produced by two different types of behavior as the tandem axle 
passes from one side of the floor beam to the other. At certain locations where a stress reversal 
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does not occur as the rib rotation reverses from one direction to the other, the largest stress 
(driven by the combined effect of the rib rotation and the rib wall shear reaction, but dominated 
by the rib wall shear reaction) is the stress range. At locations where a stress reversal occurs as 
the rib rotation reverses, the difference between the largest compressive and largest tensile stress 
is the stress range. 
From FEA of the PG model, described in Chapter 4, with a full tandem axle loading, with half of 
the tandem centered on Rib 6, and the full tandem located 6 feet east of Floor Beam 3, Rib 6 
rotates 0.083 degrees clockwise towards the west and the rib wall shear reaction is 24.3 kips. The 
difference is small between the stresses on the east and west faces on the north side of the bottom 
edge of the slit (Figure 112), so it is clear that the stress at the slit edge would not reverse 
(change sign) as the tandem axle loading passes longitudinally over the floor beam. The 
maximum compressive principal stress of -17.0 ksi, is therefore also the stress range (17.0 ksi).  
Accordingly, for Phase A, the target rib rotation for the slit RFB connection of Rib 4 of the test 
specimen is 0.083 degrees x 1.0 = 0.083 degrees, and the target rib wall shear reaction is 24.3 
kips x 1.0 = 24.3 kips. For Phase B, the target rib rotation is 0.083 degrees x 1.4 = 0.116 degrees, 
and the target rib wall shear reaction is 24.3 kips x 1.0 = 24.3 kips. Finally, for Phase C, the 
target rib rotation is 0.083 degrees x 1.0 = 0.083 degrees, the target rib wall shear reaction is 24.3 
kips x 1.4 = 34.0 kips.  
Specimen FEA Results 
A summary of the FEA results for the three phases of out-of-plane loading tests of the slit RFB 
connection test specimen of Rib 4 is shown in Table 12. Rib rotations and rib wall shear 
reactions from FEA within 10% of the target results described in the previous section were 
deemed acceptable as these results were quite sensitive to small changes in the applied loads. 
The following subsections present the slit edge stresses for the slit RFB connection test specimen 
under in-plane loading in more detail. 
Table 12. FEA results for three phases of out-of-plane loading tests along slit edge of slit 
RFB connection of Rib 4 of test specimen. 
 
Test 
Phase 
Applied 
Force on 
West End 
(kips) 
Applied 
Force on 
East End 
(kips) 
Estimated 
Rib Wall 
Shear 
Reaction 
(kips) 
Rib 
Rotation 
(degrees) 
Largest 
Compression 
Principal 
Stress 
(ksi) 
Stress 
Difference 
(ksi) 
A 11.0 12.0 24.4 0.087 -15.6 7.2 
B 10.8 12.2 24.4 0.123 -17.2 10.3 
C 15.4 16.3 33.7 0.085 -20.1 7.5 
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Phase A 
The variation in the largest magnitude principal stress along the top and bottom edges of the slit 
of the RFB connection of Rib 4 are shown in Figure 152 and Figure 153, respectively. Unlike the 
results for in-plane loading, three values of the largest magnitude principal stress are shown in 
each figure. One value is at the mid-thickness of the floor beam web plate (at the slit edge), one 
value is at the east face of the floor beam web plate (at the east corner of the slit edge), and one 
value is at the west face of the floor beam web plate (at the west corner of the slit edge). The 
largest compression principal stress is -15.6 ksi on the west face at the south end of the bottom of 
the slit. The largest difference in the largest magnitude principal stress between the two (east and 
west) faces of the floor beam web plate is equivalent to the change in stress (or stress range) due 
to a reversal of the rib rotation (alone), and this value is 7.2 ksi. The largest magnitude principal 
stress at mid-thickness of the floor beam web plate is much larger than the difference between 
the east and west faces of the floor beam web plate, therefore, the largest magnitude principal 
stress is dominated by the rib wall shear reaction.  
Figure 154 and Figure 155 show the circumferential variation of the stress normal to the rib wall 
weld toe and the floor beam weld toe, respectively, of the slit RFB connection of Rib 4. These 
weld toe stresses are below the 10 ksi CAFL for AASHTO Fatigue Category C.  
Figure 156 shows the circumferential variation of the tangential stress at the weld root of the slit 
RFB connection of Rib 4. The weld root stress is relatively small (less than 2 ksi) and not fatigue 
prone. 
  
Figure 152. Graph. Variation in largest magnitude principal stress along top of slit for RFB 
connection of Rib 4 of test specimen with restrained floor beam under Phase A out-of-plane 
loading. 
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Figure 153. Graph. Variation in largest magnitude principal stress along bottom of slit for 
RFB connection of Rib 4 of test specimen with restrained floor beam under Phase A out-of-
plane loading. 
   
Figure 154. Graph. Variation in stress normal to weld toe on rib wall around rib bottom of 
slit RFB connection of Rib 4 of test specimen with restrained floor beam under Phase A 
out-of-plane loading. 
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Figure 155. Graph. Variation in stress normal to weld toe on floor beam web around rib 
bottom of slit RFB connection of Rib 4 of test specimen with restrained floor beam under 
Phase A out-of-plane loading. 
  
Figure 156. Graph. Variation in tangential stress at weld root around rib bottom of slit 
RFB connection of Rib 4 of test specimen with restrained floor beam under Phase A out-of-
plane loading. 
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Phase B  
The variation in the largest magnitude principal stress along the top and bottom edges of the slit 
of the RFB connection of Rib 4 are shown in Figure 157 and Figure 158, respectively. Three 
values of the largest magnitude principal stress are shown, one at the mid-thickness of the floor 
beam web, one value at the east face of the floor beam web, and one value at the west face of the 
floor beam web. The largest compression principal stress is -17.2 ksi on the west face at the 
south end of the bottom of the slit. The largest difference in the largest principal stress between 
the east and west faces of the floor beam web, corresponding to the stress range from rib 
rotation, is 10.3 ksi. The largest magnitude principal stress at mid-thickness of the floor beam 
web is much larger than this difference in stress, therefore, the largest magnitude principal stress 
is dominated by the rib wall shear reaction.   
Figure 159 and Figure 160 show the circumferential variation of the stress normal to the rib wall 
weld toe and the floor beam weld toe, respectively, of the slit RFB connection of Rib 4. These 
weld toe stresses are below the 10 ksi CAFL for AASHTO Fatigue Category C.  
Figure 161 shows the circumferential variation of the tangential stress at the weld root of the slit 
RFB connection of Rib 4. The weld root stress is relatively small (less than 2 ksi) and not fatigue 
prone. 
  
Figure 157. Variation in largest magnitude principal stress along top of slit for RFB 
connection of Rib 4 of test specimen with restrained floor beam under Phase B out-of-plane 
loading. 
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Figure 158. Graph. Variation in largest magnitude principal stress along bottom of slit for 
RFB connection of Rib 4 of test specimen with restrained floor beam under Phase B out-of-
plane loading. 
  
Figure 159. Graph. Variation in stress normal to weld toe on rib wall around rib bottom of 
slit RFB connection of Rib 4 of test specimen with restrained floor beam under Phase B 
out-of-plane loading. 
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Figure 160. Graph. Variation in stress normal to weld toe on floor beam web around rib 
bottom of slit RFB connection of Rib 4 of test specimen with restrained floor beam under 
Phase B out-of-plane loading. 
 
Figure 161. Graph. Variation in tangential stress at weld root around rib bottom of slit 
RFB connection of Rib 4 of test specimen with restrained floor beam under Phase B out-of-
plane loading. 
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Phase C 
The variation in the largest magnitude principal stress along the top and bottom edges of the slit 
of the RFB connection of Rib 4 are shown in Figure 162 and Figure 163, respectively. Again, 
three values of the largest magnitude principal stress are shown, one at the mid-thickness of the 
floor beam web, one value at the east face of the floor beam web, and one value at the west face 
of the floor beam web. The largest principal stress is -20.1 ksi on the west face at the south end 
of the bottom of the slit. The largest difference in the largest principal stress between the east and 
west faces of the floor beam web, corresponding to the stress range from rib rotation, is 7.5 ksi. 
The largest magnitude principal stress at mid-thickness of the floor beam web is much larger 
than this difference in stress, therefore, the largest magnitude principal stress is dominated by the 
rib wall shear reaction.   
Figure 164 and Figure 165 show the circumferential variation of the stress normal to the rib wall 
weld toe and the floor beam weld toe, respectively, of the slit RFB connection of Rib 4. The 
stresses normal to the floor beam weld toe are small, however, the largest rib wall weld toe stress 
is slightly larger than the 10 ksi CAFL for AASHTO Fatigue Category C, due to primary 
bending of the rib.  
Figure 166 shows the circumferential variation of the tangential stress at the weld root of the slit 
RFB connection of Rib 4. The weld root stress is relatively small (less than 2 ksi) and not fatigue 
prone. 
  
Figure 162. Graph. Variation in largest magnitude principal stress along top of slit for RFB 
connection of Rib 4 of test specimen with restrained floor beam under Phase C out-of-plane 
loading. 
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Figure 163. Graph. Variation in largest magnitude principal stress along bottom of slit for 
RFB connection of Rib 4 of test specimen with restrained floor beam under Phase C out-of-
plane loading. 
  
Figure 164. Graph. Variation in stress normal to weld toe on rib wall around rib bottom of 
slit RFB connection of Rib 4 of test specimen with restrained floor beam under Phase C 
out-of-plane loading. 
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Figure 165. Graph. Variation in stress normal to weld toe on floor beam web around rib 
bottom of slit RFB connection of Rib 4 of test specimen with restrained floor beam under 
Phase C out-of-plane loading.  
  
Figure 166. Graph. Variation in tangential stress at weld root around rib bottom of slit 
RFB connection of Rib 4 of test specimen with restrained floor beam under Phase C out-of-
plane loading. 
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CHAPTER 6. FABRICATION OF FULL-SCALE RIB-TO-FLOOR BEAM 
CONNECTION TEST SPECIMENS 
SPECIMEN OVERVIEW 
Four full-scale rib-to-floor beam (RFB) connection fatigue test specimens, two with fitted RFB 
connections and two with slit RFB connections were designed and fabricated. The fitted RFB 
connection was chosen because it was considered amenable to automated fabrication, and FEA 
results for an independent floor beam indicated potential for good fatigue performance. The slit 
RFB connection was chosen since fabrication is similar to the fitted RFB connection, with an 
additional slit to be cut into the floor beam web, and FEA results for a restrained floor beam 
indicated potential for good fatigue performance.  
Each of the four test specimens consists of a rib-deck-floor beam panel assembly to which an 
edge plate girder (web and bottom flange) is added to the north end of the floor beam, as 
discussed in Chapter 5. The rib-deck-floor beam panel consists of four 6 feet long cold-bent ribs, 
a 6 feet by 10 feet-4 inches deck plate, and a built up 9 feet-11 inches long floor beam (see 
Figure 122). The ribs were cut and bent by R/J Florig Industrial Company of Conshohocken, 
Pennsylvania. The deck plate and floor beam plates for all specimens were cut and fit-up with 
the ribs and tack welded by Acrow Corporation of America, Milton Steel Company (Acrow) of 
Milton, Pennsylvania. 
For the slit RFB connection specimens, the rib-to-deck plate, floor beam-to-deck plate, rib-to-
floor beam, and the floor beam web-to-bottom flange welds were made by High Steel Structures 
of Lancaster, Pennsylvania using manual (rib-to-floor beam welds) or semi-automatic welding 
(rib-to-deck plate welds) processes. The edge plate girder web-to-floor beam web and bottom 
flange, and the edge plate girder web-to-deck plate welds were made in the ATLSS Engineering 
Research Center laboratory using manual welding processes. 
For the fitted RFB connection specimens, the rib-to-deck plate welds were made by High Steel 
Structures using a semi-automatic process. Robotic welding of the rib-to-floor beam and floor 
beam-to-deck plate welds was performed by Lincoln Electric Corporation (Lincoln Electric) of 
Cleveland, Ohio. The floor beam web-to-bottom flange welds, as well as the edge plate girder 
web-to-floor beam web and bottom flange, and the edge plate girder web-to-deck plate welds 
were made in the ATLSS Engineering Research Center laboratory using manual welding 
processes. 
Four test specimens were fabricated to permit multiple fatigue tests to be performed for each 
type of RFB connection. Additionally, two mock-up specimens were fabricated to enable the 
fabricators to develop some experience before fabricating the test specimens.  
RIB FABRICATION 
The specified rib dimensions are shown in Figure 167. The ribs were specified to be 14 inches 
deep with a 14 inch wide opening. They were specified to be 5/16 inch thick ASTM A709 Grade 
50 plate material with a 4 inch bend radius at the bottom. These dimensions are the same as the 
rib dimensions used in the FEA models presented previously. Due to the relatively small number 
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of ribs needed, each rib was cold bent using a brake press with bends at multiple points (i.e., 
multiple “hits”) to produce the specified radius. To fabricate numerous ribs for an OSD project, 
it would be more economical to create a brake press die to form the rib geometry with one 
operation of the press (i.e., one “hit”). A bevel was not specified for the tops of the ribs where 
they meet the deck plate (i.e., the ribs had square edges).  
Additional specifications for the ribs included a maximum out of straightness of 72/1000 inch or 
L/1000 where L is the length of the rib (72 inches). Ribs were specified to be free of twist and 
have uniform symmetrical cross sections. Prior to fabrication of the ribs, a mock-up rib was sent 
to the ATLSS Engineering Research Center laboratory at Lehigh University for inspection by the 
research team. The mock-up rib was deemed satisfactory and fabrication of the 23 other ribs 
commenced (16 ribs for the four test specimens, 8 ribs for the two mock-up panels).  
 
Figure 167. Illustration. Specified rib cross section dimensions. 
PLATE FABRICATION 
The deck plates, web plates and flange plates were ASTM A709 Grade 50 plate material. The 
deck plate was 6 feet by 10 feet-4 inches by 3/4 inch thick, with no out-of-flatness limitation 
prior to welding. After welding the ribs and floor beam web to the deck plate, the maximum 
measured out-of-flatness specified was 1/8 inch.  
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The floor beam bottom flange plate was 9 feet-11 inches long, by 12 inches wide and 3/4 inch 
thick. The floor beam web plate was 9 feet-11 inches long, 26-1/2 inches deep and 1/2 inch thick. 
For the two slit specimens, the slit cut-out, with geometry specified in the design drawings, was 
plasma cut into the floor beam web plate. The geometry of the slit is the Slit 8 geometry, 
previously discussed in Chapter 4 and shown in Figure 107.  
To allow the ribs to pass through the floor beam web, the profile of the rib cross section was 
plasma cut into the floor beam web plate. The floor beam web plates were plasma cut after the 
rib-deck panel was assembled and the rib-to-deck plate welds were made (partially), as discussed 
in the following section. The as-fabricated profile of the rib-deck panel was measured by laser 
tracking, as discussed later. The measured profile was imported into the plasma cutting machine, 
and the web plate was cut to create tight fit between the web plate and rib-deck panel. 
PANEL ASSEMBLY 
To fully assemble a rib-deck-floor beam panel, the ribs were positioned on the deck plate 
according to the design drawings, and 6 inches of each rib-to-deck weld was made halfway along 
the length of the ribs, as shown in Figure 168. Then, 2D measurements using a laser tracker 
(discussed further below) were performed on the rib-deck panel (Figure 169). Then, the floor 
beam webs were plasma cut using the laser tracker measurement data and the bottom flange of 
the floor beam was tack welded to the floor beam web (Figure 170). Some grinding of the floor 
beam web was needed to ensure tight fit with the ribs, and the floor beam web was then tack 
welded to the ribs and the deck plate. Then, the rib-to-deck plate, floor beam-to-deck plate, and 
rib-to-floor beam welds were made (Figure 171). 
 
Figure 168. Illustration. Ribs positioned on deck plate according to design drawings and 
middle 6 inches of rib-to-deck weld made.  
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Figure 169. Illustration. 2D measurements using laser tracker along the centerline of RFB 
connection. 
 
Figure 170. Illustration. Floor beam web plasma cut to fit rib-deck panel profile. 
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Figure 171. Illustration. Welding of rib-to-floor beam, rib-to-deck and floor beam-to-deck 
welds, completing assembly of rib-deck panel. 
LASER MEASUREMENTS 
Cold-bent ribs may exhibit significant variation in cross-sectional shape from the as-designed 
geometry. In addition, the profile of the rib-deck panel, where it interfaces the floor beam web, is 
affected by factors other than the as-fabricated rib shape, including the accuracy of the rib layout 
on the deck plate, the flatness of the deck plate, and distortion of the rib-deck panel from welding 
the rib-to-deck-plate connection. If the floor beam web plate is cut using the specified geometry 
of the rib-deck panel from design drawings, large fit-up gaps will occur between the web plate 
and the profile of the rib-deck panel, which may result in unacceptable discontinuities in the RFB 
connection welds. Accurate measurement of the profile of the assembled rib-deck panel, 
followed by accurate cutting of the floor beam web using these measurements, can significantly 
reduce the resulting fit-up gaps. For the test specimens, measurements obtained using a laser 
tracker were used to program a plasma cutting machine to cut the floor beam web plate to fit the 
as-fabricated profile of the rib-deck panel. 
After initial fabrication of the ribs and deck plate, fit-up of the rib-deck panel occurred at the 
Acrow facility in Milton, PA. Acrow put the deck plate in the inverted position, aligned the ribs 
on the deck plate, and made 6 inches of the rib-to-deck plate welds near the center of the panel 
where the floor beam web interfaces with the rib-deck panel. The transverse centerline of the 
floor beam on the assembled rib-deck panels was then marked; this centerline represents the 
position of the floor beam web plate as shown in Figure 172. Laser measurements were made 
along this centerline to determine the profile of the rib-deck panel to which the floor beam web 
plate should match to minimize the fit-up gap. 
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Source: Lehigh University 
 
Figure 172. Photo. Ribs tack welded to deck with floor beam centerline marked out for 
measuring. Photo by Joseph Saunders, Lehigh University. 
The laser measurements were made by Oasis Alignment of Rochester, New Hampshire at the 
Acrow facility. The measurements of the as-fabricated rib-deck panel were made by manually 
passing a laser tracker probe, manufactured by Leica Geosystems (model “Leica T-Probe”) and 
equipped with a 1/2 inch probe tip, along the transverse centerline of the rib-deck panel. The 
measured profile included the ribs, the bottom of the deck plate, and the rib-to-deck plate welds, 
as shown in Figure 173. The measurements made via the probe were recorded by a portable 
tripod-mounted laser tracker manufactured by Leica Geosystem (model “Leica Absolute Tracker 
AT960”), as shown in Figure 174. The data was transmitted wirelessly to a nearby laptop 
computer. Measurements of the location of probe tip in space are accurate to approximately 
1/256 inch, and the probe tip radius is accurate to 0.008 inch. The measurements were completed 
in approximately 30 to 40 minutes for each of the four as-fabricated rib-deck panels for the test 
specimens.  
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        Source: Lehigh University 
 
Figure 173. Photo. Measurement of transverse rib-deck panel profile using manual laser 
tracker probe. Photo by Joseph Saunders, Lehigh University. 
 
        Source: Lehigh University 
 
Figure 174. Photo. Measurement of ribs with portable tripod-mounted laser tracker in 
foreground. Photo by Joseph Saunders, Lehigh University. 
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The measurements of the rib-deck panel profile from the laser tracker was post-processed by the 
research team and given to Acrow to program a plasma cutting machine to cut the floor beam 
web plates for each test specimen. The plasma cut web plates were then fit to the rib-deck panels. 
However, gaps were found between the web plates and bottom of the deck plates, so grinding of 
the floor beam web plates where they meet the ribs (i.e., the web cut-outs) was required to 
complete the fit-up. The amount of grinding of the floor beam webs varied among the specimens 
from a minimum of 10 minutes to a maximum of 3.5 hours. After grinding the web cut-outs to 
achieve a good fit for each specimen, the web plate was tack welded to the bottom of the deck 
plate, and to the ribs. The floor beam bottom flange plate was also tack welded to the web plate 
at this time, completing the fit-up of the specimens (without the edge girder). The fit-up process 
could be improved by cutting the floor beam webs with greater precision, for example, by 
milling using a CNC machine. This would largely eliminate the need for any manual grinding. 
The accuracy of the plasma cutting machine at the Acrow facility in Milton, PA was 
approximately 1/16 inch. 
Measurements of the fit-up gaps between the floor beam web plate and the ribs of each test 
specimen were performed using feeler gauges, which allowed the gaps to be measured with an 
accuracy of 2/1000 inch or 0.002 inch. The feeler gauges were used to check the fit-up gap at 
multiple points along the cross section of each rib. The maximum gap at each rib was recorded. 
The results of the fit-up gap measurements are presented in Table 13. The smallest average 
maximum fit-up gap across all four ribs of one test specimen was 0.032 inch on Panel A. The 
largest average maximum fit-up gap for a panel was 0.077 inch on Panel B. A representative 
photo of the fit-up gap is shown in Figure 175. The average maximum fit-up gap over the four 
test specimens was 0.046 inch. By comparison, the fit-up gap was measured for the two mock-up 
specimens for which the web plates were cut to fit the as-designed rib-deck panel profile. The 
maximum fit-up gap for the mock-up specimens was 1/4 inch as shown in Figure 176, 
significantly larger than the maximum fit-up gap measured for the webs cut to fit the as-
fabricated rib-deck panel.  
In summary, the fit-up gaps measured between the floor beam web plate and the ribs of each 
specimen when the floor beam web plates were cut to fit the measured as-fabricated rib-deck 
panel profile were significantly smaller than the gaps when the web plates were cut to fit the as-
designed rib-deck panel profile. Cutting the floor beam webs using laser tracker measurements of 
the assembled as-fabricated rib-deck panel profile reduced the initial fit-up gap (before grinding 
of the web cut-outs in the floor beam webs), requiring less grinding and allowing high quality 
fillet welds to be made. 
Table 13. Maximum measured fit-up gap for each rib of the four fabricated test specimens. 
Test 
Specimen 
Identifier 
Type of 
RFB 
Connection 
Maximum 
Gap Rib 1 
(1/1000 inch) 
Maximum 
Gap Rib 2 
(1/1000 inch) 
Maximum 
Gap Rib 3 
(1/1000 inch) 
Maximum 
Gap Rib 4 
(1/1000 inch) 
Average 
Maximum 
Gap 
(1/1000 inch) 
Panel A Slit 20 25 55 28 32 
Panel B Slit 63 71 94 81 77 
Panel C Fitted 32 26 28 45 33 
Panel D Fitted 35 32 45 63 44 
 155 
     
 
                      Source: Lehigh University 
 
Figure 175. Photo. Fit-up of RFB connection with web plate cut using measured rib 
geometry. Photo by Joseph Saunders, Lehigh University. 
 
                       Source: Lehigh University 
 
Figure 176. Photo. Fit-up of RFB connection with web plate cut using specified rib/deck 
panel cross-sectional dimensions. Photo by Joseph Saunders, Lehigh University. 
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WELDING PROCESS 
High Steel Structures welded the slit RFB connection rib-deck-floor beam panels after the plates 
were cut and fit by Acrow. The welds completed by High Steel Structures are the rib-to-deck 
plate welds, rib-to-floor beam welds, floor beam-to-deck welds, and floor beam web-to-bottom 
flange welds. The rib-to-deck and rib-to-floor beam welds were magnetic particle tested to 
identify discontinuities and none were indicated.  
For the fitted RFB connection rib-deck-floor beam panels, High Steel Structures completed the 
rib-to-deck welds. The rib-to-floor beam welds and the floor beam-to-deck welds were made by 
Lincoln Electric. The floor beam web-to-flange welds were made by ATLSS laboratory technical 
staff. 
For all four test specimens, the edge plate girder was cut, fit, and welded by ATLSS laboratory 
technical staff. 
Rib-to-Deck Weld 
The rib-to-deck plate welds were specified as single sided PJP welds with a minimum depth of 
penetration of 60% and a weld throat greater than or equal to 5/16 inch. These design features 
were based on the recommendations given in (Ocel, et al. 2017). Due to the lack of a bevel 
preparation of the rib edges for the rib-to-deck plate, High Steel Structures was able to achieve 
40% penetration on initial mock-up tests of the joint. Based on information given in (Ocel, et al. 
2017), a rib-to-deck plate weld with 40% penetration and a 5/16 inch weld throat should exceed 
AASHTO Fatigue Category C design resistance, so this level of penetration was accepted for the 
test specimens.  
The rib-to-deck plate welds on the four test specimens were completed using a semi-automatic 
submerged arc welding (SAW) process, to achieve the required penetration. A fully-automated 
welding process was not selected since these welds were not the focus of the research. Rib-to-
deck plate welds have been made successfully using fully automated methods in large-scale 
fabrication of OSDs (Connor et al. 2012).  
Each rib-to-deck plate weld was magnetic particle tested to identify discontinuities and none 
were indicated.  
Floor Beam-to-Deck Plate Weld 
The floor beam-to-deck weld was specified as double sided, 5/16 inch fillet weld. For the two slit 
RFB connection specimens, this weld was performed manually using the GMAW process by 
High Steel Structures. A manual process was used since these welds were not the focus of the 
test program because low levels of stress were expected and these welds were not fatigue prone.  
For the two fitted RFB connection specimens, the floor beam-to-deck plate welds were made 
robotically by Lincoln Electric. It was discovered during the robot programming phase 
(performed using the mock-up panels) that the transition from horizontal floor beam-to-deck 
plate weld to the vertical (or near vertical) rib-to-floor beam weld was too difficult for the robot 
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to performs successfully. It was decided that continuity of these welds is not necessary, and the 
welds were made separately. The rib-to-floor beam welds are discussed in the next section. 
The floor beam-to-deck plate welds were made robotically by Lincoln Electric using a MIG 
RapidArc™ process with a 0.052 inch flux core welding wire. A sinusoidal weave of with an 
amplitude of 3.1 mm, frequency of 2.5 Hz, and a dwell time of 0.03 second was employed. Weld 
tracking was not used for this weld. A welding speed of 14 inches per minute was achieved. 
Welding of the floor beam-to-deck plate weld started at one rib wall and proceeded until the 
adjacent rib wall was reached. The completed weld is shown in Figure 177. The location of 
overlap between the floor beam-to-deck plate weld and the rib-to-floor beam weld is shown in 
Figure 178 and Figure 181. 
Each of the floor beam-to-deck plate welds was magnetic particle tested. Undercut was detected 
on one of the fitted RFB connection test specimens (Panel D), which was repaired manually via 
the FCAW welding process in the ATLSS laboratory. No other defects were detected in the floor 
beam-to-deck plate welds. 
 
          Source: Lehigh University 
 
Figure 177. Photo. Completed floor beam-to-deck plate weld prior to RFB welding. Photo 
by Ian Hodgson, Lehigh University. 
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          Source: Lehigh University 
 
Figure 178. Photo. Completed RFB and floor beam-to-deck welds at intersection between 
rib, deck plate and floor beam web. Photo by Joseph Saunders, Lehigh University. 
Rib-to-Floor Beam Weld 
For all four specimens, the rib-to-floor beam (RFB) weld was specified as a double sided, 5/16 
inch fillet weld. For the two slit RFB connection specimens, these welds were made manually 
using the GMAW process at High Steel Structures. A manual process for the slit RFB connection 
welds was chosen since the welds were not expected to govern the fatigue response, and these 
welds were not the focus of the slit RFB connection specimen tests. However, automated 
welding of the RFB welds for the fitted RFB connection specimens was specified, because these 
welds were expected to govern the fatigue response. 
For the two fitted RFB connection specimens, the RFB connection welds were made with a 
robotic welding process by Lincoln Electric at their Cleveland, Ohio facility. Figure 179 shows 
an assembled fitted OSD test specimen in the robotic welding bay as configured for welding. The 
welding was performed with the deck panel in the inverted position (see Figure 179).  
The rib-to-floor beam welds were made as a vertical or near-vertical weld (upward) using a MIG 
PrecisionPulse™ welding process with a 0.052 inch flux core welding wire. A sinusoidal weave 
with one second dwells was used as input in the robotic welding program to create a square 
weave pattern. The weave amplitude was 3.5 mm and had a weave frequency of 5 Hz. Weld 
tracking was employed, which monitors the welding voltage and adjusts the electrode position to 
maintain the target welding voltage. A welding speed of approximately 5 inches per minute was 
achieved. 
FLOOR BEAM WEB 
RIB WALL 
DECK PLATE 
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For each rib, the rib-to-floor beam welds were made in two steps. Each side of the rib was 
welded separately with a weld start at the deck plate, and stop at the top of the rib. Figure 180 
shows the robot arm prior to welding. Figure 181 shows the completed rib-to-floor beam welds. 
Figure 182 shows the stop point at the top of the rib.  
Each rib-to-floor beam weld was magnetic particle tested to identify discontinuities and none 
were indicated.   
 
       Source: Lehigh University 
 
Figure 179. Photo. Lincoln Electric robotic welding station with fitted OSD panel. Photo by 
Ian Hodgson, Lehigh University. 
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   Source: Lehigh University 
 
Figure 180. Photo. Lincoln Electric robotic welding arm prior to welding. Photo by Ian 
Hodgson, Lehigh University. 
 
    Source: Lehigh University 
 
Figure 181. Photo. Completed RFB and floor beam-to-deck welds. Photo by Joseph 
Saunders, Lehigh University. 
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               Source: Lehigh University 
 
Figure 182. Photo. Completed RFB weld showing weld stop point at top of rib. Photo by 
Ian Hodgson, Lehigh University. 
Floor Beam-to-Flange Weld 
The floor beam-to-flange weld was specified as a double sided, 5/16 inch fillet weld. This weld 
was made manually using the GMAW process by High Steel Structures on the two slit RFB test 
specimens. This weld was manually made using the FCAW process by ATLSS laboratory 
technical staff on the two fitted RFB test specimens. A manual process for welding the floor 
beam-to-flange welds was chosen since these welds were not the focus of the test program. 
These welds were not highly stressed during fatigue testing and were not fatigue prone.   
Edge Plate Girder-to-Floor Beam and Deck Plate Welds 
The edge plate girder-to-floor beam web, girder web-to-flange, and girder web-to-deck plate 
welds were specified as 5/16 inch fillet welds. These welds were made manually using the 
FCAW process by ATLSS laboratory technical staff. A manual process was chosen for these 
welds since they were not the focus of the test program. These welds were not highly stressed 
during fatigue testing and were not fatigue prone.  
GRINDING OF SLITS 
During the process of plasma cutting the slits into the floor beam web plates of the slit RFB 
connection specimens, a notch was left on the inside edge of the slit where the plasma cutting 
initiated. A representative photo of this notch is shown in Figure 183. The notch was visible at 
each of the four slits in each slit RFB connection specimen, and appears at roughly the same 
location in the slit. It is likely that this notch can be prevented during the fabrication process. 
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          Source: Lehigh University 
 
Figure 183. Photo. Notch left on edge of slit surface from plasma cut initiation. Photo by 
Joseph Saunders, Lehigh University. 
To ensure that the edge of the slit has AASHTO Fatigue Category A fatigue resistance, the edge 
of the cut-out should have a “smooth” surface finish; that is, the edge should have a surface 
roughness value of 1000 micro-inch or less and be free of notches (AASHTO/AWS D1.5 2015). 
The notches in the edges of the slits were ground smooth and the entire edge of each slit was 
finished to a 1000 micro-inch surface roughness (or better).   
On average, it took approximately 3-5 minutes to grind away the notch at the plasma cut 
initiation using a hand grinder. A representative photo of the slit cut-out edge after grinding the 
notch is shown in Figure 184. To finish the edge, a hand rotary tool with a 60 grit flap wheel was 
used and took approximately 10 minutes to finish the entire edge of each slit. The surface finish 
was compared to a machining surface finish chart in order to ensure a roughness of less than 
1000 micro-inch. A representative photo of the edge after finishing is shown in Figure 185.  
In addition to the typical notch, a large gouge was present at the Rib 3 slit cut-out in the 
specimen in the east setup in the lab (Panel B) as shown in Figure 186. The gouge was ground 
smooth with a hand grinder, which took approximately 15-20 minutes. After grinding the gouge 
smooth so there was no visible flaw, the Rib 3 slit was finished as shown in Figure 187. 
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          Source: Lehigh University 
 
Figure 184. Photo. Slit cut-out edge after grinding away the notch. Photo by Joseph 
Saunders, Lehigh University. 
 
            Source: Lehigh University 
 
Figure 185. Photo. Slit cut-out edge after finishing. Photo by Joseph Saunders, Lehigh 
University. 
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           Source: Lehigh University 
 
Figure 186. Photo. Slit Specimen B large gouge at Rib 3. Photo by Joseph Saunders, Lehigh 
University. 
 
           Source: Lehigh University 
 
Figure 187. Photo. Slit Specimen B with large gouge ground and finished at Rib 3. Photo by 
Joseph Saunders, Lehigh University. 
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CHAPTER 7. FULL-SCALE RIB-TO-FLOOR BEAM CONNECTION FATIGUE TESTS 
AND RESULTS 
FATIGUE TEST OVERVIEW 
As described in Chapter 5 and Chapter 6, four full-scale rib-to-floor beam (RFB) connection 
fatigue test specimens were designed, fabricated, and tested. Two of these were fitted RFB 
connection test specimens and two were slit RFB connection test specimens. The slit RFB 
connection and the fitted RFB connection test specimens were tested under loading and restraint 
conditions to generate out-of-plane and in-plane behavior of the connections.  
The slit RFB connection specimens were studied under out-of-plane static loading (to generate 
out-of-plane behavior) using three different load configurations. They were also subjected to 
cyclic in-plane loading to assess their fatigue performance under two different load 
configurations. The two slit RFB connection specimens are denoted Panel A and Panel B. As 
noted in Chapter 5, the test setup enabled two specimens to be tested simultaneously. Panel A 
was tested in the west part of the test setup shown in Figure 123 and Figure 124, while Panel B 
was tested in the east part of the test setup. Note, west is on the right side in the figures.  
The fitted RFB connection specimens were studied under cyclic in-plane loading to assess their 
fatigue performance using one load configuration. They were also subjected to cyclic out-of-
plane loading using one load configuration. The two fitted RFB connection specimens are 
denoted Panel C and Panel D.  Panel C and Panel D were tested in the west part and east part of 
the test setup, respectively. 
Static and cyclic loads were applied using hydraulic actuators and a servo-hydraulic control 
system. Strains, rotations, and applied loads were measured during each of the tests in order to 
assess the response of the specimens. Each test specimen and the test setup were regularly 
inspected during cyclic loading for fatigue cracks or unexpected damage to the test fixtures. 
Data Acquisition System 
Two Campbell Scientific CR9000 data loggers were used to record strains, rotations, and applied 
loads during testing. The CR9000 data logger is a 16-bit digital data acquisition system. Each 
data logger was configured with nine CR9050 analog input cards with 14 differential inputs per 
card, for a total of 126 channels of data per logger. 
One data logger was assigned to each of the two test specimens being tested simultaneously. The 
data loggers were programmed to record data at a rate of 20 Hz during specified periods of the 
cyclic loading tests. Data were recorded during these cyclic loading tests every 200,000 cycles 
(+/-50,000 cycles) coinciding with inspections for fatigue cracks. The data acquisition system is 
shown in Figure 188. 
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     Source: Lehigh University 
 
Figure 188. Photo. Data acquisition systems used for recording data from instrumentation 
during full-scale fatigue testing. Photo by Joseph Saunders, Lehigh University. 
Control System 
The various loading configurations were applied using hydraulic actuators that were controlled 
using an Inertia servo-hydraulic control system. The actuators were operated in “load control.” 
The load control profiles for each phase of testing are described in more detail later. The 
proportional-integral-derivative (PID) settings for each actuator valve were tuned to minimize 
errors in the loading profile. Figure 189 shows the servo-hydraulic control system.  
The servo-hydraulic control system was programmed with error limits for the force and 
displacement at each actuator. If the measured force or displacement error for any actuator 
exceeded an error limit (indicating a problem with either the specimen, test setup, or hydraulic 
system), the control system was programmed to immediately stop the test. In addition to these 
programmed error limits, physical emergency stop switches were placed at three locations at the 
test setup to enable a test to be stopped manually if required.  
The out-of-plane loading tests in the east part of the test setup used two 38 kip hydraulic 
actuators manufactured by Tomkins-Johnson. The out-of-plane loading tests in the west part of 
the test setup used two 22 kip hydraulic actuators, Model 244.22, manufactured by MTS 
Systems. The in-plane loading tests used one 220 kip hydraulic actuator in the east part of the 
test setup and one 220 kip hydraulic actuator in the west part of the test setup. Both of these 
actuators were Model T220, manufactured by Hannon Hydraulics. Cycle counting during cyclic 
loading was performed by the hydraulic control system.  
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    Source: Lehigh University 
 
Figure 189. Photo. Control system. Photo by Joseph Saunders, Lehigh University. 
Inspection and Data Acquisition 
During fatigue testing under cyclic loading, regular inspection of the test specimens and test 
fixtures were performed to identify fatigue cracks and other unexpected behavior. These 
inspections were performed every 200,000 cycles (+/- 50,000). Inspection logs were maintained 
to record the date, time, cycle number, inspector(s), and observations at each inspection. A paper 
copy of the log was kept in the laboratory, and a digital copy of the log was maintained. Visual 
inspections were performed using a magnifying glass (as needed) and bright lighting from 
portable flashlights. Where necessary, an aerosol degreaser was sprayed on suspected crack 
locations to look for evidence of crack activity (i.e., opening and closing) under cyclic loading. 
During fatigue testing under cyclic loading, at least two minutes of cyclic loading response data 
were recorded after the completion of each inspection. To estimate the stress range for fatigue 
tests with cyclic loading, an average measured strain range was determined as follows. The strain 
range measurements were averaged over approximately two minutes to determine the measured 
strain range at the time of each inspection. Then these values for each inspection were averaged 
to determine the average measured strain range for the test. The estimated stress range was then 
determined from the average measured strain range via the stress estimation process described in 
more detail later. For a static test, the estimated stress was determined from the measured strain 
via the stress estimation process described in more detail later.  
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Instrumentation Plan 
An instrumentation plan was developed to measure the response of the RFB connection test 
specimens based on the FEA results for the test specimens. The plan included strain gages and 
inclinometers (to measure the response under out-of-plane loading). Strain gages were positioned 
to measure strains and, thereby, to provide an estimate of the stresses at fatigue prone locations at 
the RFB connection welds and the slit edges, as well as other locations.  
Strain gages were installed on the floor beam web, rib wall, underside of the deck plate, and edge 
plate girder web. The gages were bondable uni-axial gages (with 1 mm gage length), weldable 
uni-axial gages (with 1/4 inch gage length), bondable strip gages (with five 1 mm gages at a 2 
mm spacing), and bondable rosette gages (with 0-45-90 arrangement and 6 mm gage length). 
Strain gages were typically installed in a “back-to-back” configuration on opposite faces of the 
floor beam web. Using this configuration, the variation of the strain through the thickness of the 
floor beam web and therefore the relative contributions of in-plane response and out-of-plane 
response to the total response could be determined. Inclinometers were used to measure rotations 
of the ribs about the floor beam axis under out-of-plane loading.  
Slit RFB Connection Test Specimens 
Strain gages were installed on the rib walls and floor beam webs of the slit RFB connection test 
specimens adjacent to the ribs consistent with the numbering scheme shown in Figure 190 and 
Figure 191. Numbers in parenthesis denote gages installed on the face which is opposite to the 
face that is shown in the figure. The gages on the floor beam web normal to the RFB weld toe 
are numbered 8 through 11, 19 through 20, and 26 through 29; the gages on the rib wall normal 
to the RFB weld toe are numbered 4 through 7, 15 through 18, and 30 through 33; the gages on 
the floor beam web adjacent to the slit are numbered 1 through 2, 13 through 14, 24 through 25, 
and 35 through 36; the gages on the edge of the slit are numbered 3, 12, 23, and 34. The gages 
numbered 1, 2, 3, 34, 35 and 36 are referred to as “top” slit gages. The gages numbered 12, 13, 
14, 23, 24 and 25 are referred to as “bottom” slit gages. Gages normal to the weld toe on both the 
rib wall and floor beam web were positioned to be consistent with the local structural stress 
(LSS) approach described in Chapter 3. The gage nearest to the weld toe was located 0.4t 
(nominally, 1/8 inch for the rib wall and 0.2 inch for the floor beam web) from the weld toe and a 
second gage was located 1.0t from the weld toe (nominally, 5/16 inch for the rib wall and 1/2 
inch for the floor beam web). Gages installed on the floor beam web adjacent to the slit were 
approximately 1/4 inch from the edge of the slit. Gages installed on the edge of the slit were 
installed approximately at the center of the floor beam web thickness.  
Gages were also installed normal to the weld toe at the rib-to-deck-plate (RDP) connection weld 
on the underside of the deck plate and on the rib wall as shown in Figure 192. The RDP 
connection weld gages were installed one foot transversely from the mid-thickness of the floor 
beam web on both sides of the web. These gages were installed to measure the strains at the RDP 
connection weld toes. 
Inclinometers were installed on the rib walls of the test specimens to measure the rib rotation 
produced by out-of-plane loading (Figure 193). The inclinometers were installed as close as 
possible to the floor beam web and on both sides of the floor beam web. 
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Figure 190. Illustration. Strain gage numbering used for slit RFB connection test 
specimens. Numbers in parenthesis represent gages on opposite face as shown. 
 
Figure 191. Illustration. Strain gage numbering on rib wall and floor beam web looking 
south. Numbers in parenthesis represent gages on opposite face as shown. 
N 
N 
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Figure 192. Illustration. Strain gage numbering for RDP weld gages. Odd numbered gages 
installed on bottom of deck plate. Even numbered gages installed on rib wall. 
 
Figure 193. Illustration. Measured rib rotation via clinometers on rib wall (rotation is 
exaggerated for clarity). 
Fitted RFB Connection Test Specimens 
Strain gages were installed on the fitted RFB connection test specimens on the rib walls and floor 
beam webs adjacent to the ribs consistent with the numbering system shown in Figure 191 and 
Figure 194. Gages on the floor beam web normal to the RFB weld toe are numbered 8 through 
11, 19 through 20, and 26 through 29; gages on the rib wall normal to the RFB weld toe are 
numbered 4 through 7, 15 through 18, and 30 through 33. Similar to the slit RFB connection 
specimens, gages installed normal to the weld toes were positioned according to the LSS 
approach.  
Gages were also installed normal to the weld toe at the RDP connection weld on the underside of 
the deck plate and on the rib wall as shown in Figure 192. Only gages numbered 5 through 8 
were installed since the load pads were transversely located between Ribs 2 and 3. The 
transverse location of these gages was the same as for the slit RFB connection specimens (one 
foot from the mid-surface of the floor beam web). 
Additional gages were installed on the floor beam web, the floor beam bottom flange, and the top 
of the deck plate between Ribs 1 and 2, as well as on the bottom of the rib walls 4 inches from 
the RFB connection weld toe. Rosettes were installed in a back-to-back configuration on the 
floor beam web to measure the shear strains (and to estimate the stresses) in the floor beam web 
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(gages 40 through 45). The gages installed on the bottom flange (gage 39) and on top of the deck 
(gage 46) were used to estimate the bending stress in the floor beam. Gages installed on the 
bottom of the rib wall (gages 37 and 38) were used to estimate the primary bending stress in the 
rib. 
 
Figure 194. Illustration. Strain gage numbering used for fitted RFB connection test 
specimen. Numbers in parenthesis represent gages on opposite face as shown. 
MEASUREMENT OF TEST SPECIMENS STRAIN AND STRESS RESPONSE 
To assess the fatigue performance of a welded steel structure subjected to cyclic fatigue loading 
using the AASHTO BDS (AASHTO 2016), three parameters are required: (1) nominal stress 
range demand, (2) number of stress cycles, and (3) fatigue resistance. The stress range demand is 
usually the stress range at the location of a fatigue prone detail caused by the cyclic fatigue 
loading, and is usually taken as the nominal stress range produced by the factored fatigue load 
combination. The fatigue resistance is determined by the fatigue category of the detail, which 
accounts for the stress concentration effects associated with the conditions of the detail. The 
fatigue categories and their corresponding fatigue resistance were established from statistical 
analysis of experimental data. 
For the test specimens, the stress range at fatigue prone locations in the test specimens is needed 
to assess the fatigue performance. However, direct measurement of stress in the test specimens is 
not feasible. Most previous fatigue test programs have used strains measured by electrical 
resistance strain gages to estimate the stresses. The stresses were estimated using stress/strain 
relationships defined by the theory of elasticity. Often, uniaxial stress fields were assumed and 
therefore the stress was estimated from the measured strain by multiplying the measured strain 
N 
 172 
by the elastic modulus. However, this method of estimating the stress will introduce error when 
strain measurements are made in a biaxial stress field. 
Strain Measurement 
Due to their ease of application and low cost, resistance strain gages are commonly used in 
fatigue test programs. A uniaxial resistance strain gage is made from a thin metallic wire 
arranged in a grid pattern that is mounted to a foil backing. This foil backing is then bonded to 
the test specimen. The resistance of the wire in the gage pattern varies nearly linearly with strain 
in the direction of the grid pattern (the axial direction).  
A strain gage is typically connected to a Wheatstone bridge circuit, which produces a voltage 
output that is proportional to strain, allowing for a high precision strain measurement. Strain 
gages are commercially available with gage lengths (defined by the length of the grid pattern) 
varying from less than 1 mm to over 50 mm. Additionally, strain gages with multiple individual 
uniaxial strain gages on one backing are available. One example is a strain rosette, which has 
multiple strain gages at different angles to measure the two-dimensional state of strain. A second 
example is a strip gage which has a series of equally-spaced collinear strain gages which are used 
to measure strain gradients. As mentioned above, both strain rosettes and strip gages were used 
in the fatigue tests of the fitted and slit RFB connection test specimens. 
Resistance strain gages exhibit some degree of sensitivity to strains transverse to their primary 
sensing axis (i.e., the axis of the grid pattern). Normally the effect of transverse strain is small, 
and the measurements can be corrected to account for this sensitivity. This effect of transverse 
strain increases as the ratio of transverse strain to primary strain increases. 
The strain gage manufacturer provides the transverse sensitivity, Kt, for each strain gage as a 
percentage. Given the transverse sensitivity for the strain gage and the measured ratio of axial to 
transverse strain, the measured axial strain can be corrected to account for transverse sensitivity 
(Micro-Measurements 2011). 
Estimating Stress from Measured Strain 
The two-dimensional state of stress can be estimated using the theory of elasticity, assuming a 
plane stress condition (i.e., assuming that the through-thickness stress for a plate is zero). 
For a state of uniaxial stress (e.g., a strip in tension, which is unrestrained in the transverse 
direction), the plane stress elasticity equation for axial stress simplifies so that the axial stress 
equals the axial strain times the modulus of elasticity. However, for an element in axial tension 
with transverse deformation restrained (or with an applied transverse stress) resulting in a biaxial 
stress state, the axial stress is a function of the axial strain, the transverse strain, Poisson’s ratio, 
and the elastic modulus. 
In areas of fatigue test specimens with high strain gradients, such as near a weld toe, most past 
fatigue test programs have measured only the axial strain (e.g., the strain normal to the weld toe), 
because small gage length (e.g., 1 mm) strain gages are needed to accurately measure the strain 
at a location with high strain gradient. In this case, it has been recognized that FEA results can be 
used to estimate the ratio of the axial to transverse strain at the location of the strain. This ratio 
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can then be used to improve the process of estimating the stress from the measured axial strains 
(IIW 2007). 
Stress Data Estimated from Strain Measurements for Test Specimens 
As described above, strain gages were installed, and strain measurements were made at 
numerous locations on the slit RFB connection and fitted RFB connection test specimens. 
Additionally, FEA was performed for each type of test specimen under each loading 
configuration, as described in Chapter 5. 
Stresses from the tests were estimated assuming a plane stress condition from the measured 
strains (that were corrected for transverse sensitivity). For each estimated stress, the procedure 
was as follows: 
1. Obtain the ratio of axial strain to transverse strain at the strain gage location from the 
corresponding FEA results 
2. Correct the measured axial strain for the effects of transverse sensitivity (using transverse 
sensitivity data from the strain gage manufacturer, Poisson’s ratio, and the ratio of axial 
strain to transverse strain from the FEA results) 
3. Estimate the axial stress using elastic theory and assuming plane stress conditions (using 
Poisson’s ratio, the elastic modulus, and the ratio of axial strain to transverse strain from 
the FEA results) 
Stresses estimated from the strains measured during the tests are compared with corresponding 
stresses from FEA. 
 
SLIT RFB CONNECTION TEST SPECIMEN OUT-OF-PLANE LOADING TEST 
RESULTS 
Three phases of static out-of-plane loading of the slit RFB connection test specimens were 
performed. The test specimens were loaded by imposing rib rotations and rib wall shear reactions 
on the floor beam web similar to those observed for Rib 6 from FEA of the PG model of the slit 
RFB connection with restrained floor beams subjected to full tandem out-of-plane loading, 
discussed in Chapter 5. For Phase A loading, the target rib rotation and rib wall shear reaction 
were the same as for the PG model. For Phase B loading, the target rib rotation was 40% larger 
than for the PG model and the rib wall shear reaction was the same as for the PG model. For 
Phase C loading, the target rib rotation was the same as for the PG model and the rib wall shear 
reaction was 40% larger than for the PG model.  
For each of the three phases of the out-of-plane loading tests, the floor beam restraint fixtures 
were utilized, as described in Chapter 5. 
A photo of the test setup with the slit RFB connection test specimens configured for out-of-plane 
loading tests can be seen in Figure 195. For the three phases of out-of-plane loading tests, the 
actuators were aligned with the centerline of Rib 4 in the transverse direction as shown in Figure 
196. Longitudinally, the actuators were positioned symmetrically relative to the floor beam web 
near the ends of the ribs as shown in Figure 197. 
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FEA results for the slit RFB connection test specimen subjected to the rib rotation and rib wall 
shear reaction from the PG model were presented in Chapter 5. These results show that the stress 
ranges at the edges of the slits and the toes of the RFB connection welds were less than the 
constant amplitude fatigue limit (CAFL) for the corresponding AASHTO fatigue category, and 
therefore cyclic loading fatigue testing was deemed unnecessary. Instead, the out-of-plane 
loading was applied statically to verify the FEA results. 
The loading profile for the out-of-plane loading tests of the RFB connection test specimens is 
shown in Figure 198. An initial load, PDL (termed “dead load”), was applied by both actuators 
that represents a nominal load needed to ensure that the actuators remain in contact with the deck 
plate of the specimens. A zero reference for the instrumentation was set after PDL was applied so 
that the subsequent recorded data represents the changes in response from this initial state. A 
second load, PC (termed “pre-load”), was applied by both actuators. PC is the load needed to 
generate the target rib wall shear reaction at the RFB connection. The time when PC is applied by 
both actuators is referred to as Step #1 in the loading profile. A third load, PL (termed “live 
load”), was applied, which is the load needed to generate the target rib rotation. PL is applied 
alternately by the east actuator and the west actuator to generate an alternating rib rotation at Rib 
4, to simulate the rib rotation caused by the passage of a tandem axle from one side of the floor 
beam to the other in the PG model. PL was applied by the east actuator first, and then by the west 
actuator. The time duration when PL is applied by the east actuator is referred to as Step #2, and 
the time duration when PL is applied by the west actuator is referred to as Step #3. It should be 
noted that during Step #2 and Step #3, PDL and PC were maintained as shown in Figure 198. The 
load magnitudes used for the three phases of the out-of-plane loading tests are shown in Table 
14. 
The rib rotation reported for the out-of-plane loading tests of the slit RFB connection test 
specimens was determined by taking a rotation measurement on each side of the floor beam web 
during Step #2 and Step #3. The rotations on each side of the floor beam web were averaged, 
resulting in the average rib rotation during Step #2 and Step #3. Finally, these average values for 
Step #2 and Step #3 were averaged together, resulting in the average live load rib rotation. The 
stresses reported under PC are the absolute values of the stresses during Step #1. The stress 
ranges reported for the out-of-plane loading tests are measured during Step #2 or Step #3, which 
include the response to PC and PL. In other words, the stress ranges are the difference between 
the minimum magnitude stress from PDL and the maximum magnitude stress from the 
combination of PC plus PL. 
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         Source: Lehigh University 
 
Figure 195. Photo. Slit RFB connection test specimen out-of-plane loading test looking east. 
Photo by Ian Hodgson, Lehigh University.  
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Figure 196. Illustration. Elevation of slit RFB connection test specimen out-of-plane 
loading tests showing transverse position of actuators. 
 
Figure 197. Illustration. Cross-section of slit RFB connection specimen out-of-plane loading 
tests showing longitudinal position of actuators (floor beam restraint omitted for clarity). 
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Figure 198. Illustration. Slit RFB connection test specimen out-of-plane loading profile. 
 
Table 14. Loads for out-of-plane loading tests of slit RFB connection test specimens. 
Test 
Phase 
Dead Load, 
PDL  
(kips) 
Pre-Load, 
PC  
(kips) 
Live Load, 
PL 
 (kips) 
A 0.2 11.0 0.95 
B 0.2 11.0 1.30 
C 0.2 15.4 0.90 
 
Phase A Test Results 
During Phase A of the out-of-plane loading tests of the slit RFB connection test specimens, the 
target rib rotation and rib wall shear reaction were equal to those from the PG model, as 
mentioned earlier. The measured average live load rotations of Rib 4 were 0.069 degrees for the 
specimen in the west part of the test setup (Panel A), and 0.079 degrees for the specimen in the 
east part of the test setup (Panel B). The rib rotation predicted by FEA was 0.087 degrees as 
discussed in Chapter 5. The differences between measured and FEA rib rotations were 20.3% for 
Panel A, and 9.6% for Panel B. A possible reason for these discrepancies is the alignment and 
location error of the actuators. The west actuator on Panel A was out of plumb by 1.6 degrees in 
the east-west direction, and the actuator locations were in error by up to 5/16 inch in the east-
west direction.  
The stress ranges for the strain gages at the floor beam web weld toe (gages 8 through 11, 19 
through 20, and 26 through 29) of the RFB connection of Rib 4 were less than 1.0 ksi. The stress 
ranges for the gages at the rib wall weld toe (gages 4 through 7 and 30 through 33) of the RFB 
connection of Rib 4 were less than or equal to 9.2 ksi in compression. Since these compression 
stress ranges were less than the 10 ksi CAFL for AASHTO Fatigue Category C, it was concluded 
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from this data that for a rib rotation similar to that observed for the PG model, the weld toe 
stresses for the slit RFB connection under out-of-plane loading are not likely to cause fatigue 
cracking. The presence of the slit allows the rib to rotate freely, resulting in weld toe stresses 
which are unlikely to cause fatigue cracking.  
At the pair of back-to-back strain gages on the south side of the slit (gages 1, 2, 13, and 14) of 
the RFB connection of Rib 4, and on the north side of the slit (gages 24, 25, 34, and 35) of the 
RFB connection of Rib 4, the estimated stress ranges are shown in Table 15. The stresses on the 
web face near the slit are small relative to the 24 ksi CAFL for AASHTO Fatigue Category A. 
This test data shows that for a rib rotation similar to that observed for the PG model, the stresses 
adjacent to the slit were not likely to cause fatigue cracking. 
Table 15. Stress range for selected gages near slit of RFB connection of Rib 4 in Panel A 
and Panel B during Phase A out-of-plane loading test. 
Gage 
Number 
Gage 
Location 
Relative to 
Rib 
Gage Location 
Relative to Slit 
Gage Location on 
Slit Edge or Web 
Face 
Stress 
Range for 
Panel A 
(ksi) 
Stress 
Range for 
Panel B 
(ksi) 
1 South Top Web Face 3.2 4.3 
2 South Top Web Face 3.3 4.6 
13 South Bottom Web Face 8.6 11.0 
14 South Bottom Web Face 9.4 7.8 
24 North Bottom Web Face 8.5 8.9 
25 North Bottom Web Face 10.2 8.3 
35 North Top Web Face 4.4 2.7 
36 North Top Web Face 3.7 2.8 
 
Phase B Test Results 
During Phase B, the target rib rotation and rib wall shear reaction were 1.4 and 1.0 times those 
from the PG model, respectively. The measured average live load rotations of Rib 4 were 0.101 
degrees for Panel A, and 0.113 degrees for Panel B. The live load rib rotation predicted by FEA 
was 0.123 degrees as discussed in Chapter 5. The differences between measured and FEA rib 
rotations were 17.9% for Panel A, and 8.1% for Panel B. The measured average live load rib 
rotations were 46.3% and 43.0% larger in Phase B than in Phase A, for Panel A and Panel B, 
respectively. These measured average live load rib rotations were 21.7% and 36.1% larger than 
the PG model for Panel A and Panel B, respectively.  
The stress ranges for the gages at the floor beam web weld toe (gages 8 through 11, 19 through 
20, and 26 through 29) of the RFB connection of Rib 4 were less than 1.0 ksi in compression. 
The stress ranges for the gages at the rib wall weld toe (gages 4 through 7 and 30 through 33) of 
the RFB connection of Rib 4 were less than or equal to 9.5 ksi in compression, which is only 
3.1% larger in magnitude than the largest stress range for these gages in Phase A. Since these 
compression stress ranges were less than the 10 ksi CAFL for AASHTO Fatigue Category C, it 
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was concluded from this test data that at a rib rotation up to 36.1% larger than observed for the 
PG model, or 46.3% larger than measured in Phase A, the weld toe stresses for the slit RFB 
connection under out-of-plane loading were not likely to cause fatigue cracking. 
At the pair of back-to-back strain gages on the south side of the slit (gages 1, 2, 13, and 14) of 
the RFB connection of Rib 4, and on the north side of the slit (gages 24, 25, 34, and 35) of the 
RFB connection of Rib 4, the estimated stress ranges are shown in Table 16. Again, the stress 
ranges on the web face near the slit are small relative to the 24 ksi CAFL for AASHTO Fatigue 
Category A. The largest stress ranges in Phase B are larger than the largest stress ranges in Phase 
A due to the increased level of rib rotation, but the stress ranges did not increase by more than 
12.9%. This test data shows that for a rib rotation up to 36.1% larger than observed for the PG 
model, or 46.3% larger than measured in Phase A, the stresses adjacent to the slit were not likely 
to cause fatigue cracking. 
Table 16. Stress range for selected gages near slit of RFB connection of Rib 4 in Panel A 
and Panel B during Phase B out-of-plane loading test. 
Gage 
Number 
Gage 
Location 
Relative to 
Rib 
Gage Location 
Relative to Slit 
Gage Location on 
Slit Edge or Web 
Face 
Stress 
Range for 
Panel A 
(ksi) 
Stress 
Range for 
Panel B 
(ksi) 
1 South Top Web Face 3.5 4.7 
2 South Top Web Face 3.5 5.0 
13 South Bottom Web Face 9.8 12.4 
14 South Bottom Web Face 10.5 8.8 
24 North Bottom Web Face 9.6 10.1 
25 North Bottom Web Face 11.5 9.6 
35 North Top Web Face 4.5 2.8 
36 North Top Web Face 3.8 2.9 
 
Phase C Test Results 
During Phase C, the target rib rotation and rib wall shear reaction were 1.0 and 1.4 times those 
from the PG model, respectively. The measured average live load rotations of Rib 4 were 0.068 
degrees for Panel A, and 0.077 degrees for Panel B. The live load rib rotation predicted by FEA 
was 0.085 degrees as discussed in Chapter 5. The differences between measured and FEA 
rotations were 20.5% for Panel A, and 9.5% for Panel B. The measured average live load rib 
rotations are similar to those in Phase A as expected, as the Phase A and Phase B measured 
applied live loads differed by less than 0.5 kips. 
The stress range for the strain gages at the floor beam web weld toe (gages 8 through11, 19 
through 20, and 26 through 29) of the RFB connection of Rib 4 were less than 1.0 ksi in 
compression. The stress ranges for the gages at the rib wall weld toe (gages 4 through 7 and 30 
through 33) of the RFB connection of Rib 4 were less than or equal to 12.5 ksi in compression. 
As a result of the increased level of PC, the primary bending of the rib is increased, resulting in a 
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larger stress at the rib wall weld toe. The largest rib wall weld toe stress range increased 26.4% 
from Phase A to Phase C, illustrating the sensitivity of the rib wall weld toe stress to PC. 
At the pair of back-to-back strain gages on the south side of the slit (gages 1, 2, 13, and 14) of 
the RFB connection of Rib 4, and on the north side of the slit (gages 24, 25, 34, and 35) of the 
RFB connection of Rib 4, the estimated stress ranges are shown in Table 17. The stresses on the 
web face near the slit from Phase C are the largest among the three phases of out-of-plane 
loading tests. Despite an average live load rib rotation similar to that in Phase A, the stress 
ranges adjacent to the slit for Phase C are larger than for Phase A due to the increase in PC. The 
stress ranges adjacent to the slit for Phase C are also larger than for Phase B even though the 
average live load rib rotation is larger in Phase B.   
Table 17. Stress range for selected gages near slit of RFB connection of Rib 4 in Panel A 
and Panel B during Phase C out-of-plane loading test. 
Gage 
Number 
Gage 
Location 
Relative to 
Rib 
Gage Location 
Relative to Slit 
Gage Location on 
Slit Edge or Web 
Face 
Stress 
Range for 
Panel A 
(ksi) 
Stress 
Range for 
Panel B 
(ksi) 
1 South Top Web Face 4.3 5.6 
2 South Top Web Face 4.3 5.9 
13 South Bottom Web Face 10.6 13.9 
14 South Bottom Web Face 12.0 9.8 
24 North Bottom Web Face 10.7 11.3 
25 North Bottom Web Face 13.0 10.5 
35 North Top Web Face 6.0 3.7 
36 North Top Web Face 5.0 3.9 
 
Comparison of Results from Three Phases of Out-of-plane Loading Tests 
No direct measurements of the rib wall shear reaction could be made during the tests of the slit 
RFB connection test specimens, but the measured responses to PC are used to show the 
importance of rib wall shear reactions to the stresses observed in the out-of-plane loading tests. 
The magnitudes of the stresses for the slit RFB connection are largely dependent on the rib wall 
shear reactions from the load PC. As shown by test data in Table 18 and Table 19, during Phase 
B of the out-of-plane loading tests, the stress from PC loading accounts for at least 52.7% to 
54.0% of the stress range. During Phase B, where the average live load rib rotation was up to 
36.1% larger than that observed for the PG model, the largest contribution to the stress range is 
the stress from PC.  
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Table 18. Contribution to stress range from PC during Phase B out-of-plane loading test of 
Panel A.  
Gage 
Number 
Gage 
Location 
Relative to 
Rib 
Gage 
Location 
Relative to 
Slit 
Gage Location on 
Slit Edge or Web 
Face 
Absolute Value 
of Stress from 
PC (ksi) 
Stress 
Range 
(ksi) 
Contribution 
to Stress 
Range from 
PC                  
(%) 
1 South Top Web Face 2.5 3.5 72.3 
2 South Top Web Face 2.5 3.5 70.1 
13 South Bottom Web Face 5.2 9.8 52.7 
14 South Bottom Web Face 6.4 10.5 60.9 
24 North Bottom Web Face 5.5 9.6 57.4 
25 North Bottom Web Face 6.8 11.5 59.2 
35 North Top Web Face 3.9 4.5 88.2 
36 North Top Web Face 3.3 3.8 88.1 
 
Table 19. Contribution to stress range from PC during Phase B out-of-plane loading test of 
Panel B. 
Gage 
Number 
Gage 
Location 
Relative to 
Rib 
Gage 
Location 
Relative to 
Slit 
Gage Location on 
Slit Edge or Web 
Face 
Absolute Value 
of Stress from 
PC                        
 (ksi) 
Stress 
Range 
(ksi) 
Contribution 
to Stress 
Range from 
PC                  
(%) 
1 South Top Web Face 3.1 4.7 67.1 
2 South Top Web Face 3.4 5.0 68.6 
13 South Bottom Web Face 7.2 12.4 57.7 
14 South Bottom Web Face 5.1 8.8 58.0 
24 North Bottom Web Face 5.8 10.1 58.1 
25 North Bottom Web Face 5.2 9.6 54.0 
35 North Top Web Face 2.4 2.8 87.8 
36 North Top Web Face 2.5 2.9 85.7 
 
The increase in the stress range from increasing PC loading (Phase C compared to Phase A) is 
larger than the increase in the stress range from increasing the live load rotation (Phase B 
compared to Phase A). As shown in Figure 199 through Figure 202, increasing PC loading by 
40% in Phase C results in a larger stress range than from increasing the average live load rib 
rotation by up to 46% in Phase B. Thus, the rib wall shear reaction at the slit RFB connection 
creates a response to consider when evaluating the magnitude of the stress range at a slit RFB 
connection under out-of-plane loading; the rib wall shear reaction is more important than the rib 
rotation. 
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Figure 199. Graph. Stress range at select gages on floor beam web face near slit of RFB 
connection of Rib 4 during each phase of out-of-plane testing of Panel A. 
 
Figure 200. Graph. Stress range at select gages on floor beam web face near slit of RFB 
connection of Rib 4 during each phase of out-of-plane testing of Panel B. 
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Figure 201. Graph. Stress range at select gages on rib wall at RFB connection of Rib 4 
during each phase of out-of-plane testing of Panel A. 
 
Figure 202. Graph. Stress range at select gages on 4 rib wall at RFB connection of Rib 4 
during each phase of out-of-plane testing of Panel B. 
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SLIT RFB CONNECTION TEST SPECIMEN IN-PLANE LOADING TEST RESULTS 
Two phases of cyclic in-plane loading fatigue testing of the slit RFB connection test specimens 
were performed. Under in-plane loading, the measured responses of the slit RFB connection test 
specimens were generated by the effects of floor beam web shear, rib wall shear, and rib torsion. 
During Phase A of the in-plane loading tests, the focus was the slit RFB connections of Rib 1 
and Rib 4. During Phase B of the in-plane loading tests, the focus was the slit RFB connections 
of Rib 2 and Rib 3.  
Similar to the out-of-plane loading tests of the slit RFB connection test specimens, the floor 
beam restraint fixtures were utilized, as described in Chapter 5. Photos of the in-plane test setup 
are shown in Figure 203 and Figure 204. During Phase A, the transverse actuator position was 
selected to generate the largest stresses at the slit RFB connections of Rib 1 and Rib 4, as shown 
in Figure 205. During Phase B, the transverse actuator position was selected to generate the 
largest stresses at the slit RFB connections of Rib 2 and Rib 3, as shown in Figure 206. During 
both phases of in-plane testing, the actuators were centered longitudinally on the floor beam web, 
as shown in Figure 207. Spreader beams below the actuators were used to distribute the loads to 
load pads that apply the load to the top of the deck plate of the specimens. During Phase A, four 
load pads were used. Each pad was 10 inches by 20 inches to simulate the wheel footprint of the 
AASHTO tandem axle loading (Figure 28). The spreader beams were configured so the 
transverse spacing of the load pads was 6 feet apart and the longitudinal spacing was 2 feet apart. 
The longitudinal spacing is modified from the AASHTO tandem axle loading shown in Figure 
28 to allow better control of the floor beam shear force and to reduce the primary (cantilever) 
bending of the ribs about the floor beam web. During Phase B, three load pads were used and 
each pad was 10 inches by 20 inches. The north pair of loads pads were spaced longitudinally 2 
feet apart, similar to Phase A. The south load pad was 6 feet from the two north load pads and 
centered on the extension beam. In order to generate significant in-plane stresses at the slit RFB 
connections of both Rib 2 and Rib 3, the north load pads were located between these two ribs. To 
keep the same transverse spacing as the AASHTO tandem axle loading, the single south load pad 
had to be placed on the extension beam with the limited panel size. 
Load cycles were applied at a rate of 2 Hz for both Phase A and Phase B in-plane loading tests. 
The loading profile and load magnitudes for the in-plane loading tests of the slit RFB connection 
test specimens are shown in Figure 208 and Table 20. An initial load, PDL (termed “dead load”), 
was applied by the actuators to ensure that the load pads remain in firm contact with the deck 
plate of the specimens. A zero reference for the instrumentation was set after PDL was applied so 
that the recorded data represents the changes in response from this initial state. A second load, PL 
(termed “live load”), was applied by the actuator cyclically as the fatigue loading. During Phase 
A, the AASHTO Fatigue I load combination total factored tandem axle load for OSDs, discussed 
in Chapter 3, equal to approximately 83 kips, was applied as the live load. This load level was 
selected to generate stress ranges at the slit RFB connections similar to those observed for the PG 
model, as discussed in Chapter 5. During Phase B, a 25% increase in load level above the 
AASHTO Fatigue I load combination total factored tandem axle load for OSDs (to 
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approximately 104 kips) was applied as the live load. This load level was selected to generate 
larger magnitude stress ranges at the slit RFB connections as discussed in Chapter 5.  
For the in-plane fatigue loading tests, an average measured strain range was determined. At the 
time of each inspection, the strain range measurements were averaged over approximately two 
minutes to determine the measured strain range for the inspection. Then these values for each 
inspection were averaged to determine the average measured strain range for the test. The 
estimated stress range was then determined from the average measured strain range via the stress 
estimation process described above.  
 
        Source: Lehigh University 
 
Figure 203. Photo. Slit RFB connection test specimen in-plane loading test looking east. 
Photo by Ian Hodgson, Lehigh University. 
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                 Source: Lehigh University 
 
Figure 204. Photo. Slit RFB connection test specimen in-plane loading test with floor beam 
restraint fixtures visible below Panel B (east part of setup) looking southeast. Photo by 
Joseph Saunders, Lehigh University. 
 
Figure 205. Illustration. Elevation of slit RFB connection test specimen in-plane loading 
test Phase A showing transverse position of actuator. 
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Figure 206. Illustration. Elevation of slit RFB connection specimen in-plane loading test 
Phase B showing transverse position of actuator. 
 
Figure 207. Illustration. Elevation of slit RFB connection specimen in-plane loading test 
showing longitudinal position of actuator (floor beam restraint omitted for clarity). 
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Figure 208. Illustration. Slit RFB test connection specimen in-plane loading profile. 
Table 20. Loads for in-plane loading tests of slit RFB connection specimens. 
 
 
Phase A Test Results 
During Phase A of the in-plane loading tests of the slit RFB connection test specimens, 
significant live load stresses developed at the slit edges of the RFB connections of Rib 1 and Rib 
4. The stress ranges on the south and north sides of the slits of the Rib 1 and Rib 4 RFB 
connections of Panel A and Panel B are shown in Table 21 through Table 24. The large stress 
ranges on the south side of the slit edge of the Rib 1 connection develop from three mechanisms, 
namely: (1) the floor beam shear passing around the slit towards the edge girder; (2) the reaction 
in the floor beam web to torsion in the rib caused by eccentricity of the applied load relative to 
the rib; and (3) the floor beam web reactions to the rib wall shear forces. These three 
mechanisms combine to cause the south side of the slit to locally “close”, causing compression at 
the bottom gages 12, 13 and 14, and tension at the top gages 1, 2 and 3. The large compressive 
stress ranges at gages 12, 13 and 14 are of particular interest as they are similar to the slit edge 
stresses described in Chapter 4. The stress range at the edge of the slit (31.6 ksi at gage 12 on 
Panel A) is significantly larger in magnitude than the 24 ksi CAFL for AASHTO Fatigue 
Category A, similar to the results from the PG model. The stress range at the gages adjacent to 
the slit (gages 13 and 14) are smaller in magnitude than the 24 ksi CAFL, because these gages 
are approximately 1/4 inch from the edge where the stress is largest. The mechanisms of floor 
beam shear and reaction to rib torsion, mentioned above, cause the north side of the slit of Rib 1 
to locally “open”, causing compression stresses at the top gages 34, 35 and 36, and tension 
stresses at the bottom gages 23, 24, and 25. The magnitudes of the stress ranges at these gages 
are below the 24 ksi CAFL for AASHTO Fatigue Category A. 
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For Phase A of the in-plane loading tests of the slit RFB connection test specimens, the load pads 
are centered on Rib 4, so the stresses that develop at the slit edges of the RFB connection of Rib 
4 are nearly symmetric. The mechanism that strongly influences these stresses is the floor beam 
web reactions to the rib wall shear forces, which cause both the north side and the south side of 
the slit to locally “close”, causing compression at the bottom of the slit and tension at the top of 
the slit; these stresses are nearly symmetric with respect to the slit. Large compressive stress 
ranges developed at gages 12, 13 and 14. The largest stress range for Panel A or Panel B was 
22.6 ksi at gage 23, which is slightly less than the 24 ksi CAFL for AASHTO Fatigue Category 
A. The compressive stress ranges for the gages adjacent to the slit (gages 13 and 14) were less 
than the 24 ksi CAFL. The tension stress ranges at the top of the slit were much less than the 24 
ksi CAFL. 
At the slit RFB connection fillet welds, the stresses at the floor beam weld toe and rib wall weld 
toe were relatively small in magnitude. The largest stress range for all four ribs of both panels 
was on the south rib wall of Rib 1 and the north rib wall of Rib 4 of Panel A. This stress range 
was 5.5 ksi, which is much less than the 10 ksi CAFL for AASHTO Fatigue Category C.  For 
both the conditions at Rib 1, with the shear in the floor beam web passing around the slit towards 
the edge girder and the reactions in the floor beam web to torsion and shear forces in the rib, and 
the conditions at Rib 4, with floor beam web reactions to the rib wall shear forces, the slit allows 
the rib to freely deform and stresses which can cause fatigue cracking do not develop at the weld 
toes of the slit RFB connection. 
Table 21. Stress range for selected gages at slit on south side of RFB connections of Rib 1 
and Rib 4 in Panel A during Phase A in-plane loading test. 
Gage 
Number 
Gage Location 
Relative to Rib 
Gage Location 
Relative to Slit 
Gage 
Location on 
Slit Edge or 
Web Face 
Stress Range at 
Rib 1                            
(ksi) 
Stress Range at 
Rib 4                  
 (ksi) 
1 South Top Web Face 9.4 6.5 
2 South Top Web Face 8.3 6.6 
3 South Top Edge 17.8 11.5 
13 South Bottom Web Face 18.0 13.7 
14 South Bottom Web Face 15.9 11.3 
12 South Bottom Edge 31.6 22.2 
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Table 22. Stress range at selected gages at slit on north side of RFB connections of Rib 1 
and Rib 4 in Panel A during Phase A in-plane loading test. 
Gage 
Number 
Gage Location 
Relative to Rib 
Gage Location 
Relative to Slit 
Gage 
Location on 
Slit Edge or 
Web Face 
Stress Range at 
Rib 1                            
(ksi) 
Stress Range at 
Rib 4                  
(ksi) 
35 North Top Web Face 4.0 6.9 
36 North Top Web Face 4.5 5.7 
34 North Top Edge 8.3 13.2 
24 North Bottom Web Face 7.4 12.3 
25 North Bottom Web Face 8.5 11.6 
23 North Bottom Edge 14.3 22.6 
 
Table 23. Stress range at selected gages at slit on south side of RFB connections of Rib 1 
and Rib 4 in Panel B during Phase A in-plane loading test. 
Gage 
Number 
Gage Location 
Relative to Rib 
Gage Location 
Relative to Slit 
Gage 
Location on 
Slit Edge or 
Web Face 
Stress Range at 
Rib 1                            
(ksi) 
Stress Range at 
Rib 4                  
(ksi) 
1 South Top Web Face 9.3 5.8 
2 South Top Web Face 8.7 6.0 
3 South Top Edge 16.3 12.0 
13 South Bottom Web Face 18.3 12.4 
14 South Bottom Web Face 16.5 11.4 
12 South Bottom Edge 31.2 19.7 
 
Table 24. Stress range at selected gages at slit on north side of RFB connections of Rib 1 
and Rib 4 in Panel B during Phase A in-plane loading test. 
Gage 
Number 
Gage Location 
Relative to Rib 
Gage Location 
Relative to Slit 
Gage 
Location on 
Slit Edge or 
Web Face 
Stress Range at 
Rib 1                            
(ksi) 
Stress Range at 
Rib 4                  
(ksi) 
35 North Top Web Face 4.4 5.2 
36 North Top Web Face 4.5 5.1 
34 North Top Edge 9.1 11.2 
24 North Bottom Web Face 8.8 10.9 
25 North Bottom Web Face 8.7 11.5 
23 North Bottom Edge 14.7 20.4 
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During fatigue testing of the slit RFB connection test specimens under Phase A in-plane loading, 
approximately 2.58 million cycles were applied to both Panel A and Panel B. A total of 13 visual 
inspections occurred during the course of fatigue testing. No cracks were detected in Panel A or 
Panel B during or after the fatigue testing. The edge of the slit of the RFB connection of Rib 1 in 
Panel A and Panel B, after completing the fatigue testing, is shown in Figure 209 and Figure 210, 
respectively. 
The finite-life fatigue resistance (i.e., S-N curves) from the AASHTO BDS (AASHTO 2016) for 
a given fatigue category was established for design by fitting a probability distribution to fatigue 
test data, and establishing a lower bound that is two standard deviations below the mean to 
ensure with 95% confidence that fatigue failure would not occur for a given stress range and 
corresponding number of cycles. Therefore, each AASHTO design S-N curve provides a lower 
bound to the fatigue life (in terms of number of cycles to failure). For a given AASHTO fatigue 
category and stress range, the mean number of cycles to failure (i.e., the mean fatigue life) can be 
determined from the probability distribution that was used to establish the design S-N curve 
(Keating and Fisher 1986). The design S-N curve from the AASHTO BDS (AASHTO 2016) and 
the mean S-N curve are shown in Figure 211, along with data from Phase A of the in-plane 
loading tests. Note that the design S-N curve and the mean S-N curve have slightly different 
slopes, where the slope of the design curve corresponds to the standard m = -3 used by the 
AASHTO BDS (AASHTO 2016), while the slope of the mean S-N curve is based on (Keating 
and Fisher 1986).  
For the live load stress range of approximately 32 ksi on the edge of the slit of the RFB 
connection of Rib 1 during Phase A of the in-plane loading tests, and using AASHTO Fatigue 
Category A as the appropriate fatigue category, the corresponding mean fatigue life is 
approximately 2.2 million cycles. Note that the applied stress range at this location under cyclic 
loading during the Phase A in-plane loading test was entirely compressive, and the dead load 
stress at this location is expected to be compressive, so the AASHTO BDS (AASHTO 2016) 
would not require this location (with an entirely compressive stress range) to be assessed for 
fatigue. Nonetheless, in Phase A of the in-plane loading tests, both Panel A and Panel B were 
tested beyond the mean fatigue life without cracking. It can be concluded that the slit RFB 
connection test specimens exhibited adequate fatigue resistance and the potential for good 
fatigue performance during Phase A of the in-plane loading tests. An S-N curve for the Phase A 
in-plane loading is shown in Figure 211. 
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 Source: Lehigh University 
 
Figure 209. Photo. Edge of slit of RFB connection of Rib 1 in Panel A after completing 
Phase A in-plane loading test. Photo by Joseph Saunders, Lehigh University. 
 
       Source: Lehigh University 
 
Figure 210. Photo. Edge of slit of RFB connection of Rib 1 in Panel B after completing 
Phase A in-plane loading test. Photo by Joseph Saunders, Lehigh University. 
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Figure 211. Graph. S-N data for slit edge of Panel A and Panel B for Phase A in-plane 
loading. 
Phase B Test Results 
During Phase B of the in-plane loading tests of the slit RFB connection specimens, significant 
live load stresses developed at the slit edges of the RFB connections of Rib 2 and Rib 3. The 
stress ranges on the south and north sides of the slits of the Rib 2 and Rib 3 connections of Panel 
A and Panel B are shown in Table 25 through Table 28. The large stress ranges at the RFB 
connections of Rib 2 and Rib 3 develop from three mechanisms, namely: (1) the shear force in 
the floor beam web passing around the slit; (2) the reaction in the floor beam web to the torsion 
in the rib caused by eccentricity of the applied load relative to the rib; and (3) the floor beam web 
reactions to the rib wall shear forces. The latter two mechanisms, the reaction to torsion in the rib 
and reactions to the rib wall shear forces, combine to cause the slit to locally “close” on the side 
of the slit closest to the load pads, causing compression at the bottom gages 12, 13 and 14 of the 
slit of the RFB connection of Rib 2 and the bottom gages 23, 24 and 25 of the slit of the RFB 
connection of Rib 3; as well as causing tension at the top gages 1, 2 and 3 of the Rib 2 slit and 
the top gages 34, 35 and 36 of the Rib 3 slit. This behavior is observed for both the slit of the 
RFB connection of Rib 2 slit and the slit of the RFB connection of Rib 3 at the side of the slit 
closest to the load pads which are centered between these ribs. The compressive stress range on 
the edge of the Rib 2 slit in Panel B (at gage 12) is significantly larger than the 24 ksi CAFL for 
AASHTO Fatigue Category A. Similar to the results from the Phase A in-plane loading test, the 
stress ranges at the gages near the slits (gages 13 and 14 of the Rib 2 slit, and gages 24 and 25 of 
the Rib 3 slit) were below the 24 ksi CAFL. 
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On the sides of the slit farthest from the load pads for the RFB connection of Rib 2 (to the north) 
and the RFB connection of Rib 3 (to the south), the mechanisms of floor beam web shear force, 
floor beam web reaction to torsion in the rib, and floor beam web reactions to rib wall shear 
forces cause the slits to locally “open”, causing tension at the bottom of the slit and compression 
at the top of the slit. The stress ranges at these locations, including at the edge of the slit, are less 
than the 24 ksi CAFL for AASHTO Fatigue Category A. 
At the slit RFB connection fillet welds, the stresses at the floor beam weld toe and rib wall weld 
toe were relatively small in magnitude. The largest stress range for all four ribs of both panels is 
on the north rib wall of Rib 3 in Panel B. This stress range was 6.6 ksi, which is less than the 10 
ksi CAFL for AASHTO Fatigue Category C. 
Table 25. Stress range for selected gages at slit on south side of RFB connections of Rib 2 
and Rib 3 in Panel A during Phase B in-plane loading test. 
Gage 
Number 
Gage Location 
Relative to Rib 
Gage Location 
Relative to Slit 
Gage 
Location on 
Slit Edge or 
Web Face 
Stress Range at 
Rib 2                  
(ksi) 
Stress Range at 
Rib 3                  
(ksi) 
1 South Top Web Face 10.2 3.1 
2 South Top Web Face 8.5 3.4 
3 South Top Edge 16.9 6.2 
13 South Bottom Web Face 18.3 2.4 
14 South Bottom Web Face 17.0 3.1 
12 South Bottom Edge 34.9 4.4 
 
Table 26. Stress range for selected gages at slit on north side of RFB connections of Rib 2 
and Rib 3 in Panel A during Phase B in-plane loading test. 
Gage 
Number 
Gage Location 
Relative to Rib 
Gage Location 
Relative to Slit 
Gage 
Location on 
Slit Edge or 
Web Face 
Stress Range at 
Rib 2                  
(ksi) 
Stress Range at 
Rib 3                  
(ksi) 
35 North Top Web Face 5.6 7.6 
36 North Top Web Face 6.3 7.3 
34 North Top Edge 11.7 14.4 
24 North Bottom Web Face 8.5 16.0 
25 North Bottom Web Face 9.5 15.7 
23 North Bottom Edge 15.3 27.1 
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Table 27. Stress range for selected gages at slit on south side of RFB connections of Rib 2 
and Rib 3 in Panel B during Phase B in-plane loading test. 
Gage 
Number 
Gage Location 
Relative to Rib 
Gage Location 
Relative to Slit 
Gage 
Location on 
Slit Edge or 
Web Face 
Stress Range at 
Rib 2                  
(ksi) 
Stress Range at 
Rib 3                  
(ksi) 
1 South Top Web Face 7.3 2.1 
2 South Top Web Face 7.6 2.1 
3 South Top Edge 13.6 4.4 
13 South Bottom Web Face 17.5 1.2 
14 South Bottom Web Face 15.2 2.5 
12 South Bottom Edge 28.4 2.9 
 
Table 28. Stress range for selected gages at slit on north side of RFB connections of Rib 2 
and Rib 3 in Panel B during Phase B in-plane loading test.  
Gage 
Number 
Gage Location 
Relative to Rib 
Gage Location 
Relative to Slit 
Gage 
Location on 
Slit Edge or 
Web Face 
Stress Range at 
Rib 2                  
(ksi) 
Stress Range at 
Rib 3                  
(ksi) 
35 North Top Web Face 5.1 7.4 
36 North Top Web Face 6.1 6.2 
34 North Top Edge 11.5 12.6 
24 North Bottom Web Face 8.5 17.0 
25 North Bottom Web Face 9.2 14.1 
23 North Bottom Edge 15.2 24.6 
 
During fatigue testing of the slit RFB connection test specimens under Phase B in-plane loading, 
a total of approximately 2.29 million cycles were applied to both Panel A and Panel B. A total of 
12 visual inspections occurred during the course of the fatigue testing. No cracks were detected 
in Panel A or Panel B during or after the fatigue testing. 
The largest live load stress range at the edge of the slit of an RFB connection in Panel A (the Rib 
2 connection) was 34.9 ksi. Using AASHTO Fatigue Category A as the appropriate fatigue 
category, the corresponding mean fatigue life is approximately 1.7 million cycles. Note that the 
applied stress range at this location under cyclic loading during the Phase B in-plane loading test 
was entirely compressive, and the dead load stress at this location is expected to be compressive, 
so the AASHTO BDS (AASHTO 2016) would not require this location to be assessed for 
fatigue. Nonetheless, in Phase B of the in-plane loading tests, the slit of the RFB connection of 
Rib 2 in Panel A was tested beyond the mean fatigue life. The largest live load stress range at the 
edge of the slit an RFB connection in Panel B (the Rib 2 connection) was 28.4 ksi, and the 
corresponding mean fatigue life is approximately 3.2 million cycles. Again, note that the applied 
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stress range at this location under cyclic loading during the Phase B in-plane loading test was 
entirely compressive. In Phase B of the in-plane loading tests, approximately 2.29 million cycles 
were applied, so the slit edge of the Rib 2 connection of Panel B was tested to a number of cycles 
greater than the fatigue resistance from the AASHTO S-N curve for design, but less than the 
mean fatigue life, without developing fatigue cracks. Based on the results for Panel A and Panel 
B, it can be concluded that the slit RFB connection test specimens exhibited adequate fatigue 
resistance and the potential for good fatigue performance during Phase B of the in-plane loading 
tests. An S-N curve for the Phase B in-plane loading is shown in Figure 212. 
 
Figure 212. Graph. S-N data for slit edge of Panel A and Panel B for Phase B in-plane 
loading. 
Slit RFB Connection Slit Edge Fatigue Assessment 
As previously discussed in Chapter 4, the current fatigue assessment approach for the base metal 
at the edge of a cut-out in an RFB connection is to compare the 24 ksi CAFL for AASHTO 
Fatigue Category A with the FEA stress determined with a “sufficiently refined mesh”. This 
approach was established by correlating finite length strain gage measurements made in the 
laboratory with FEA results. As shown in Chapter 4, to have converged FEA slit edge stresses, 
an SMD level (1/16 inch average mesh size) mesh may be needed.  
Here, a comparison is made between the estimated stress ranges (from the 1mm length strain 
gages used in the tests) during Phase A and Phase B testing, the FEA stress results from SMB (1 
 197 
inch average mesh size) for the slit RFB connection test specimen, and the FEA stress results 
from SMC (1/4 inch average mesh size) for the slit RFB connection test specimen. The 
comparison is shown in Table 29. Generally, the FEA results from SMC are closer to the 
estimated stress ranges (from the 1mm length strain gages used in the tests), with an average 
error of 9.4%, compared to the FEA results from SMB, with an average error of 12.2%. An FEA 
of SMD (1/16 inch average mesh size) was not performed for the test specimens, since the stress 
ranges from SMC were either close to, or conservatively over-predicted the estimated stress 
ranges from the tests. FEA using SMD was expected to increase the stress results, resulting in 
greater over-prediction of the estimated stress ranges from the tests. Therefore, although a SMD 
level mesh refinement is expected to provide converged FEA slit edge stresses, this level of 
refinement does not seem necessary to predict the stresses from tests (estimated from strains 
measured with 1mm length strain gauges), and therefore SMD level mesh refinement does not 
seem necessary for fatigue assessment.  
Table 29. Comparison of FEA stress range (SMB and SMC) to estimated stress range for 
select gages at edge of slit of RFB connections. 
Phase Panel Rib Number 
Gage 
Number 
Gage 
Location 
Relative 
to Rib 
Gage 
Location 
Relative 
to Slit 
Stress 
Range 
from 
SMB 
(ksi) 
Stress 
Range 
from 
SMC 
(ksi) 
Estimated 
Stress 
Range 
(ksi) 
SMB 
Error 
(%) 
SMC 
Error 
(%) 
A A 1 12 South Bottom 28.9 31.5 31.6 9.3 0.2 
A B 1 12 South Bottom 28.9 31.5 31.2 8.0 -1.1 
A A 4 34 North Top 13.8 13.0 13.2 -4.3 1.6 
A B 4 34 North Top 13.8 13.0 11.2 -18.8 -13.8 
B A 2 12 South Bottom 25.8 27.9 34.9 35.3 25.0 
B B 2 12 South Bottom 25.8 27.9 28.4 10.1 1.8 
B A 3 23 North Bottom 27.5 30.7 27.1 -1.5 -11.7 
B B 3 23 North Bottom 27.5 30.7 24.6 -10.5 -19.9 
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FITTED RFB CONNECTION TEST SPECIMEN IN-PLANE LOADING TEST 
RESULTS 
One phase of cyclic in-plane loading fatigue testing of the fitted RFB connection test specimens 
was performed. Under in-plane loading, the measured responses of the fitted RFB connections 
were generated by the effects of floor beam web shear and local rib wall bending. The focus of 
the in-plane loading fatigue testing was the fitted RFB connections of Rib 1 and Rib 2. 
As discussed in Chapter 5, during the in-plane loading test of the fitted RFB connection test 
specimens, the floor beam was unrestrained, so floor beam restraint fixtures were not used. 
Photos of the in-plane loading test setup are shown in Figure 213 and Figure 214. During in-
plane load testing, the actuator was positioned transversely to generate the largest stresses at the 
welds of the RFB connections of Rib 1 and Rib 2. The actuators were centered longitudinally on 
the floor beam web, similar to the position used for the slit RFB connection test specimens, as 
shown in Figure 207. The spreader beams below the actuators were used to distribute the loads to 
load pads that apply the load to the top of the deck plate of the specimens. Three load pads were 
used, and each pad was 10 inches by 20 inches. The north pair of load pads were spaced 
longitudinally 2 feet apart. The south load pad was 6 feet from the two north load pads and 
centered on the extension beam. In order to generate large in-plane stresses at the fitted RFB 
connections of both Rib 1 and Rib 2, the north pair of load pads were located between Rib 2 and 
Rib 3 as shown in Figure 215. To keep the same transverse spacing as the AASHTO tandem axle 
loading (equal to 6 feet), the single south load pad was placed on the extension beam. 
The loading profile and load magnitudes used for the in-plane loading tests of the fitted RFB 
connection test specimens is shown in Figure 208, and is identical to the loading profile for the 
slit RFB connection test specimens in-plane loading tests. For the static loading procedure, the 
target loads were held at the peaks and valleys of the profile for 30 seconds. Similar to the slit 
RFB connection specimens in-plane loading tests, the initial PDL was the minimum applied load 
required to maintain firm contact between the load pads and the deck plate of the specimens 
during cyclic loading. Static load tests were performed with PL loads of both 83 kips and 104 
kips. For cyclic loading fatigue testing, PL equal to 104 kips was applied as the live load range. 
This live load range is 25% larger than the AASHTO Fatigue I load combination factored 
tandem axle load for OSDs (83 kips). This increased live load range was selected to generate rib 
wall weld toe stresses that significantly exceed the 10 ksi CAFL for AASHTO Fatigue Category 
C, so fatigue cracking would likely occur.  
 
 199 
 
                       Source: Lehigh University 
 
Figure 213. Photo. Fitted RFB connection test specimen (Panel C, west part of setup) in-
plane loading test looking west. Photo by Joseph Saunders, Lehigh University. 
 
                       Source: Lehigh University 
 
Figure 214. Photo. Fitted RFB connection test specimen (Panel D, east part of setup) in-
plane loading test looking east (with floor beam unrestrained). Photo by Joseph Saunders, 
Lehigh University. 
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Figure 215. Illustration. Elevation of fitted RFB connection test specimen in-plane loading 
test showing transverse position of actuator. 
Similar to the results from fatigue testing of the slit RFB connection test specimens, for the fitted 
RFB test specimens fatigue testing, an average measured strain range was determined. At the 
time of each inspection, the strain range measurements were averaged over approximately two 
minutes to determine the measured strain range for the inspection. Then these values for each 
inspection were averaged to determine the average measured strain range for the test. The 
estimated stress range was then determined from the average measured strain range via the 
estimation process described earlier. For a static test, the strains were measured as the load was 
held at each load step, an average strain for each load step was determined, and the estimated 
stress was determined from the average measured strain via the estimation process described 
above.  
Static Load Test Results 
Static in-plane live load ranges of both 83 kips and 104 kips were applied to both fitted RFB test 
specimens. The measured test results confirmed that the test specimens exhibit nearly linear-
elastic response under these levels of applied load. The results from the 104 kips static in-plane 
load test will be presented. A summary of the stresses normal to the rib wall weld toes of the 
fitted RFB connections in Panels C and D, estimated from strains measured under a static in-
plane loading of 104 kips are presented in Table 30 and Table 31 (see Figure 191 and Figure 194 
for strain gage locations). As shown in the tables, large tension stresses were observed on the 
north side of Rib 1, and slightly smaller tensile stresses were observed on the north side of Rib 2. 
Larger compression stresses were observed on the south sides of Ribs 1 and Rib 2. As discussed 
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in Chapter 4 and Chapter 5, stresses of this type are the result of in-plane shear in the floor beam 
web, which causes distortion of the rib opening in the floor beam web. In the static test results, 
the tension stresses were greater on the east side of the floor beam. A peak tension stress of 17.2 
ksi was estimated for Panel C on the northeast side of Rib 1 (Gage 30, which is located 0.4 times 
the rib thickness away from the weld toe). This stress significantly exceeds the 10 ksi CAFL for 
AASHTO Fatigue Category C. The peak compression stress was -21.9 ksi at the southeast side 
of Rib 2 in Panel C.  
Table 32 and Table 33 (see Figure 191 and Figure 194 for strain gage locations) summarize the 
estimated stresses normal to the floor beam web weld toes of the fitted RFB connections in Panel 
C and Panel D under a static in-plane loading of 104 kips. The stresses near the floor beam web 
weld toes are less than the stresses in the rib wall.  
For the subsequent cyclic loading fatigue testing, an applied in-plane load range of 104 kips was 
used to increase the potential for fatigue cracking in the fitted RFB connection specimens. Since 
the rib wall weld toe stresses were greater than the floor beam weld toe stresses, fatigue cracking 
at the rib wall weld toe was expected. 
Table 30. Stress for selected gages near rib wall weld toe at fitted RFB connections of Rib 1 
and Rib 2 in Panel C during static test with applied in-plane load of 104 kips. 
Gage 
Number 
Nominal 
Distance 
from  
Weld Toe 
Gage 
Location 
Relative to 
Rib 
Gage 
Location 
Relative to 
Floor Beam 
Stress 
at Rib 1 
(ksi) 
Stress 
at Rib 2 
(ksi) 
30 0.4t North East 17.2 12.4 
31 1.0t North East 8.6 7.3 
32 0.4t North West 9.2 6.8 
33 1.0t North West 0.9 -2.7 
4 0.4t South East -7.4 -21.9 
5 1.0t South East 0.9 -9.6 
6 0.4t South West -13.1 -21.1 
7 1.0t South West -2.7 -12.1 
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Table 31. Stress for selected gages near rib wall weld toe at fitted RFB connections of Rib 1 
and Rib 2 in Panel D during static test with applied in-plane load of 104 kips. 
Gage 
Number 
Nominal 
Distance 
from  
Weld Toe 
Gage 
Location 
Relative to 
Rib 
Gage 
Location 
Relative to 
Floor Beam 
Stress 
at Rib 1 
(ksi) 
Stress 
at Rib 2 
(ksi) 
30 0.4t North East 15.4 9.3 
31 1.0t North East 5.0 0.4 
32 0.4t North West 8.3 8.8 
33 1.0t North West 2.4 0.9 
4 0.4t South East -8.9 -18.8 
5 1.0t South East 0.6 -10.3 
6 0.4t South West -8.4 -22.3 
7 1.0t South West 0.8 -12.9 
 
Table 32. Stress for selected gages near floor beam web weld toe at fitted RFB connections 
of Rib 1 and Rib 2 in Panel C during static test with applied in-plane load of 104 kips. 
Gage 
Number 
Nominal 
Distance 
from  
Weld Toe 
Gage 
Location 
Relative to 
Rib 
Gage 
Location 
Relative to 
Floor Beam 
Stress 
at Rib 1 
(ksi) 
Stress 
at Rib 2 
(ksi) 
28 0.4t North East 7.7 8.9 
26 1.0t North East 8.7 7.4 
29 0.4t North West 7.0 3.7 
27 1.0t North West 6.7 2.7 
19 0.4t Center East - 3.9 
21 1.0t Center East - -0.4 
20 0.4t Center West - 3.4 
22 1.0t Center West - -0.3 
8 0.4t South East -4.7 -7.2 
10 1.0t South East -4.6 -5.4 
9 0.4t South West -10.1 -10.7 
11 1.0t South West -6.4 -11.7 
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Table 33. Stress for selected gages near floor beam web wall weld toe of fitted RFB 
connections of Rib 1 and Rib 2 in Panel D during static test with applied in-plane load of 
104 kips. 
Gage 
Number 
Nominal 
Distance 
from  
Weld Toe 
Gage 
Location 
Relative to 
Rib 
Gage 
Location 
Relative to 
Floor Beam 
Stress 
at Rib 1 
(ksi) 
Stress 
at Rib 2 
(ksi) 
28 0.4t North East 4.3 8.3 
26 1.0t North East 4.8 8.9 
29 0.4t North West 6.9 5.3 
27 1.0t North West 6.1 6.3 
19 0.4t Center East - 0.2 
21 1.0t Center East - 0.2 
20 0.4t Center West - -1.2 
22 1.0t Center West - -0.1 
8 0.4t South East -8.5 -11.3 
10 1.0t South East -7.8 -7.1 
9 0.4t South West -8.6 -4.6 
11 1.0t South West -5.9 -4.2 
 
The estimated stress normal to the rib wall weld toe on the north side of the fitted RFB 
connection of Rib 1 in Panel C and Panel D from the static tests under an applied static in-plane 
load of 104 kips is compared with the stress normal to the rib wall weld toe from FEA in Figure 
216. The figure presents the results measured during the test and from FEA. The plot also 
provides the local structural stress (LSS) extrapolation for the measurements and the FEA 
results. The LSS approach is described in Chapter 3. The stresses (estimated from strain 
measurements) from the tests are greater than the stresses from FEA, and the extrapolated 
stresses at the weld toe from the tests are greater than the extrapolated stresses from FEA. Figure 
217 and Figure 218 show similar comparisons for the north and south sides of Rib 2, 
respectively. Again, the extrapolated stresses from the tests exceed those from FEA. Local 
structural stress (LSS) extrapolation of stresses from the cyclic in-plane loading fatigue testing is 
presented later, where it is shown that using the extrapolated stress to assess the fatigue life at the 
weld toe of an RFB connection is conservative. From Figure 218, it can be seen that the stresses 
at the south side of Rib 2 were compressive with large magnitude. Note that the applied stress 
range at this location under cyclic fatigue loading would be entirely compressive, and the dead 
load stress at this location is expected to be compressive, so the AASHTO BDS (AASHTO 
2016) would not require this location (with an entirely compressive stress range) to be assessed 
for fatigue. 
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Figure 216. Graph. Stress normal to Rib 1 weld toe (north side) versus distance from weld 
toe during static test with applied in-plane load of 104 kips and from FEA, with LSS 
extrapolation 
 
Figure 217. Graph. Stress normal to Rib 2 weld toe (north side) versus distance from weld 
toe during static test with applied in-plane load of 104 kips and from FEA, with LSS 
extrapolation 
 
 205 
 
Figure 218. Graph. Stress normal to Rib 2 weld toe (south side) versus distance from weld 
toe during static test with applied in-plane load of 104 kips and from FEA, with LSS 
extrapolation 
Cyclic Loading Fatigue Test Results 
Estimated Stresses 
Cyclic loading fatigue testing was performed on both Panel C and Panel D, with the load cycles 
applied at a rate of 1 Hz. Table 34 and Table 35 (see Figure 191 and Figure 194 for strain gage 
locations) show the estimated stress ranges in Panel C and Panel D, respectively, near the rib 
wall weld toe of the RFB connections of Rib 1 and Rib 2 during cyclic loading with a load range 
of 104 kips. Table 36 and Table 37 (see Figure 191 and Figure 194 for strain gage locations) 
show the estimated stress ranges in Panel C and Panel D, respectively, near the floor beam web 
weld toe of the RFB connections of Rib 1 and Rib 2 during cyclic loading. The stress ranges 
during the cyclic loading fatigue testing are comparable to the static test results presented 
previously. This result indicates that dynamic loading of the test specimens and test fixtures did 
not significantly affect these stresses. 
  
 206 
Table 34. Stress range for selected gages near rib wall weld toe of fitted RFB connections of 
Rib 1 and Rib 2 in Panel C during cyclic testing with applied in-plane load of 104 kips. 
Gage 
Number 
Nominal 
Distance 
from  
Weld Toe 
Gage 
Location 
Relative to 
Rib 
Gage 
Location 
Relative to 
Floor Beam 
Stress 
Range at 
Rib 1 
(ksi) 
Stress 
Range at 
Rib 2 
(ksi) 
30 0.4t North East 17.2 12.1 
31 1.0t North East 8.7 6.9 
32 0.4t North West 9.1 7.1 
33 1.0t North West 1.2 2.5 
4 0.4t South East 7.3 21.9 
5 1.0t South East 1.4 9.6 
6 0.4t South West 13.1 20.2 
7 1.0t South West 3.0 11.5 
 
Table 35. Stress range for selected gages near rib wall weld toe of fitted RFB connections of 
Rib 1 and Rib 2 in Panel D during cyclic testing with applied in-plane load of 104 kips. 
Gage 
Number 
Nominal 
Distance 
from  
Weld Toe 
Gage 
Location 
Relative to 
Rib 
Gage 
Location 
Relative to 
Floor Beam 
Stress 
Range at 
Rib 1 
(ksi) 
Stress 
Range at 
Rib 2 
(ksi) 
30 0.4t North East 15.2 9.3 
31 1.0t North East 4.9 1.1 
32 0.4t North West 8.2 8.4 
33 1.0t North West 2.6 1.0 
4 0.4t South East 8.9 18.6 
5 1.0t South East 0.8 10.3 
6 0.4t South West 8.3 22.4 
7 1.0t South West 1.1 13.1 
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Table 36. Stress range for selected gages near floor beam web weld toe of fitted RFB 
connections of Rib 1 and Rib 2 in Panel C during cyclic testing with applied in-plane load 
of 104 kips. 
Gage 
Number 
Nominal 
Distance 
from  
Weld Toe 
Gage 
Location  
Relative to 
Rib 
Gage 
Location  
Relative to 
Floor 
Beam 
Stress 
Range at 
Rib 1  
(ksi) 
Stress 
Range at 
Rib 2  
(ksi) 
28 0.4t North East 7.6 7.5 
26 1.0t North East 8.6 6.4 
29 0.4t North West 6.9 4.9 
27 1.0t North West 6.7 3.8 
19 0.4t Center East - 5.0 
21 1.0t Center East - 0.5 
20 0.4t Center West - 3.0 
22 1.0t Center West - 0.2 
8 0.4t South East 4.4 9.7 
10 1.0t South East 4.4 6.5 
9 0.4t South West 10.1 11.2 
11 1.0t South West 6.6 12.3 
 
 
Table 37. Stress range for selected gages near floor beam web weld toe of fitted RFB 
connections of Rib 1 and Rib 2 in Panel D during cyclic testing with applied in-plane load 
of 104 kips. 
Gage 
Number 
Nominal 
Distance 
from  
Weld Toe 
Gage 
Location  
Relative to 
Rib 
Gage 
Location  
Relative to 
Floor 
Beam 
Stress 
Range at 
Rib 1 
(ksi) 
Stress 
Range at 
Rib 2 
(ksi) 
28 0.4t North East 4.1 9.2 
26 1.0t North East 4.6 9.6 
29 0.4t North West 7.0 4.7 
27 1.0t North West 6.2 5.6 
19 0.4t Center East - 0.8 
21 1.0t Center  East - 0.3 
20 0.4t Center  West - 0.9 
22 1.0t Center  West - 0.2 
8 0.4t South East 8.9 10.5 
10 1.0t South East 8.1 6.5 
9 0.4t South West 8.2 5.4 
11 1.0t South West 5.6 4.8 
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Inspection Findings 
During cyclic in-plane loading fatigue testing of the fitted RFB connection test specimens, 
approximately 1.97 million cycles were applied to both Panel C and Panel D. A total of 11 visual 
inspections were performed during fatigue testing under in-plane loading. In-plane loading 
fatigue testing concluded when cracks of varying sizes were found in the fitted RFB connection 
welds of Rib 1 and Rib 2 in both Panel C and Panel D. 
Cracks were initially discovered in Panel C in the fitted RFB connection weld at the south side of 
Rib 2. At this location, there were three parallel cracks on both the east and west sides of the 
floor beam web, which appeared to be weld root cracks. The cracks were oriented at an angle to 
the longitudinal (i.e., circumferential) axis of the weld. On the east side, the three cracks merged 
into one crack at the weld toe, and then propagated into the floor beam web and rib wall. The 
cracks at this location were the largest found in either panel. The cracks in both the east and west 
side fillet welds propagated completely through the rib wall and merged at the inside of the rib.  
Figure 219 shows the cracks found in the west fillet weld (the west face of the floor beam web) 
on the north side of Rib 1 of Panel C after dye-penetrant testing had been performed. As shown, 
four cracks are visible in the weld, which are oriented at an angle from the weld longitudinal 
axis. One crack propagated into the floor beam web. The cracks found at other locations in Panel 
C and Panel D have similar appearance and orientation, although the cracks in Panel D were not 
as long.  
Figure 220 shows cracks in the RFB connection fillet welds at Rib 2 in Panel C, which were the 
largest found in either of the test panels. At this location, three parallel cracks that initiated in the 
weld merged into one crack along the floor beam weld toe, and then propagated into the floor 
beam web and rib base metal. Figure 221 shows cracks found on the opposite side of the floor 
beam web where similar cracking was found. The angular measure from the crack location to the 
center (i.e., bottom) of the rib is approximately 20 degrees from vertical. The cracks in both the 
east and west side fillet welds propagated through the rib wall and merged at the inside of the rib 
shown in Figure 222. 
The cracks were found at locations with angular measures to the center of the rib ranging from 
15 to 40 degrees. Table 38 summarizes the locations of cracks discovered in Panel C and Panel 
D. These locations are illustrated in Figure 223. As indicated in the table, cracks were found in 
the fitted RFB connection fillet welds on both sides of Rib 1, including the north side of Rib 1, 
where the stress normal to the weld toe and the tangential stress at the weld root are in tension, as 
well as the south side of Rib 1, where these stresses are in compression. The cracks were also 
found on the south (compression) side of Rib 2. In many cases, the cracks had not yet propagated 
beyond the weld toe and the exposed cracks exist only within the weld. 
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                  Source: Lehigh University 
 
Figure 219. Photo. Cracks on west side of fillet floor beam web at north side of Rib 1 of 
fitted RFB connection of Panel C (west panel) after 1.97M cycles of in-plane loading fatigue 
testing. Photo by Joseph Saunders, Lehigh University. 
 
 
 
Figure 220. Photo. Crack on east side of floor beam web at south side of Rib 2 of fitted RFB 
connection of Panel C (west panel) after 1.97M cycles of in-plane fatigue testing. Photo by 
Joseph Saunders, Lehigh University. 
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Figure 221. Photo. Crack on west side of floor beam web at south side of Rib 2 of fitted 
RFB connection of Panel C (west panel) after 1.97M cycles of in-plane loading fatigue 
testing. Photo by Joseph Saunders, Lehigh University. 
 
 
Figure 222. Photo. Two separate cracks at south side of Rib 2 of fitted RFB connection of 
Panel C (west panel) after 1.97M cycles of in-plane loading fatigue testing (inside of Rib 2, 
view looking east). Photo by Ian Hodgson, Lehigh University. 
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Figure 223. Illustration. Elevation view of each side of each test specimen showing locations 
of fitted RFB connection weld cracks discovered after 1.97M cycles of in-plane loading 
 
 
Table 38. Summary of cracks in fillet welds of fitted RFB connections of Rib 1 and Rib 2 in 
Panel C and Panel D from cyclic in-plane loading fatigue testing. 
Panel Rib Number Crack Location Relative to Rib 
Number of Visible 
Cracks 
C 1 North 4 
C 1 South 2 
C 2 South 3 
D 1 North 1 
D 2 South 1 
 
West Panel (Panel C) 
East Panel (Panel C) 
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Assessment of Fatigue Resistance 
The finite-life fatigue resistance (i.e., S-N curve) from the AASHTO BDS (AASHTO 2016) for 
a given fatigue category was established for design by fitting a probability distribution to fatigue 
test data, and establishing a lower bound that is two standard deviations below the mean to 
ensure with a 95% confidence that fatigue failure would not occur for a given stress range and 
corresponding number of cycles. Therefore, each AASHTO design S-N curve provides a lower 
bound to the fatigue life (in terms of number of cycles to failure). For a given AASHTO fatigue 
category and stress range, the mean number of cycles to failure (i.e., the mean fatigue life), as 
well as an upper bound that is two standard deviations above the mean (with 95% confidence 
that fatigue failure would occur, i.e., the upper bound fatigue life) can be determined from the 
probability distribution that was used to establish the design S-N curve (Keating and Fisher 
1986).  
Under the applied cyclic in-plane loading, weld toe cracking was expected in the rib wall at the 
weld toe, to the north of the rib bottom, where the measured stress ranges exceeded the 10 ksi 
CAFL for AASHTO Fatigue Category C. The estimated stress ranges at the measurement 
locations, and the stress range extrapolated to the weld toe (i.e., using the local structural stress 
(LSS) approach described in Chapter 3) at the north side of Rib 1 in Panel C are plotted in Figure 
224. The figure also shows the design, mean, and upper bound S-N curves for AASHTO Fatigue 
Category C. A similar plot for Rib 2 of Panel C is given in Figure 225.  In these plots, it can be 
seen that the design S-N curve and the two other S-N curves have slightly different slopes, where 
the slope of the design curve corresponds to the standard m = -3 used by the AASHTO BDS 
(AASHTO 2016), while the slopes of the two other S-N curves are based on (Keating and Fisher 
1986). 
As shown in Figure 224 and Figure 225, based on the extrapolated stress (LSS), the number of 
cycles that were applied exceeds the upper bound fatigue life for Category C, however rib wall 
weld toe cracking was not observed. Given that the upper bound fatigue life was exceeded, rib 
wall weld toe cracking was expected with 95% confidence. Through the remaining discussion of 
test results, a “runout” is identified when the number of cycles applied in fatigue testing exceeds 
the upper bound fatigue life with no cracking observed. The cyclic in-plane loading fatigue 
testing of the fitted RFB connection test specimens was stopped when fatigue cracking at the 
weld root was observed. These results show that using the extrapolated stress to assess the 
fatigue life at the weld toe of an RFB connection is conservative, as mentioned in the AASHTO 
BDS (AASHTO 2016). 
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Figure 224. Graph. S-N data for in-plane loading fatigue testing of Panel C showing 
measured and extrapolated rib wall weld toe stresses on north side of Rib 1, and design, 
mean, and upper bound S-N curves for Category C. 
 
Figure 225. Graph. S-N data for in-plane loading fatigue testing of Panel C showing 
measured and extrapolated rib wall weld toe stresses on north side of Rib 2, and design, 
mean, and upper bound S-N curves for Category C. 
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Summary of Forensic Analysis of Cracks 
To assess the cause of the observed cracks, detailed forensic visual analyses of several cracked 
samples were performed. Two small samples containing selected cracks were removed from 
Panel D. The first sample was removed from the south side of Rib 2, which is in an area where 
the stresses normal to the weld toes and the tangential stress at the weld root are compressive. 
The second sample was removed from the north side of Rib 1, which is in an area where these 
stresses are tensile. 
Radiographic test (RT) inspection was performed on both samples to identify the extent of 
fatigue cracking and any discontinuities within the weld which may have initiated the fatigue 
cracking. However, the cracks were too tightly closed to be identified by RT inspection. The RT 
inspection results, however, included no indications of significant internal discontinuities in 
either sample. 
Subsequently, a fractographic examination of the cracks in the sample removed from south side 
of Rib 2 was performed. One crack was visibly identified in the east and west side weld of this 
sample. The sample was first divided by cutting lengthwise through the floor beam web of the 
sample in the plane of the web (see Figure 226), so that the sample included only the fillet weld 
on one face of the floor beam web. Further cuts were made and the crack was then mechanically 
opened to expose the crack surface. Figure 227 shows the samples removed from the south side 
of Rib 2 of Panel D, the sample on the west side face of the floor beam web had been opened to 
expose the crack surface. As shown, the surface normal of the crack plane is skewed from the 
weld axis. This indicates that the principal stresses that propagated these cracks were oriented at 
an angle to the weld axis.  
  
Figure 226. Photo. Cracked sample removed from south side of Rib 2 of Panel D (east 
panel) after 1.97M cycles of in-plane loading fatigue testing. Floor beam web of sample was 
Rib Wall 
Rib Wall 
Floor Beam Web – East Side 
Weld Crack 
Floor Beam Web – West Side 
Cut 
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cut to isolate cracks on east and west sides of web. Photo by Joseph Saunders, Lehigh 
University. 
 
                     Source: Lehigh University 
Figure 227. Photo. Cracked sample removed from south side of Rib 2 of Panel D (east 
panel) after opening of crack on west side of web. Photo by Joseph Saunders, Lehigh 
University. 
Fractographic examination of the fracture surface of the crack was performed using stereoscopic 
imaging (see Figure 228). Figure 229 shows the crack with increased magnification showing 
ratchet marks emanating from the weld root. Ratchet marks are caused by independent crack 
fronts which merge into a single crack surface. The ratchet marks are typically parallel to the 
direction of crack propagation and are aligned with the point of crack initiation. Based on the 
orientation of the ratchet marks, it is concluded that the point of initiation of these cracks is the 
weld root, and that the cracks propagated in fatigue despite the fact that no beach marks were 
observed. The figure also indicates the line of fusion between the weld and the rib wall in the 
lower left. Also, it is noted that the fatigue crack propagated into the base metal of the rib wall. 
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Figure 228. Photo. Stereoscopic images of fracture surface of sample removed from south 
side of Rib 2 of Panel D (east panel) after opening of crack on west side of web. Photo by 
Ally Fraser, Lehigh University. 
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                 Source: Lehigh University 
 
Figure 229. Photo. Stereoscopic image (increased magnification) of fracture surface of 
sample removed from south side of Rib 2 of Panel D (east panel) after opening of crack on 
west side of web. Photo by Ally Fraser, Lehigh University. 
The samples were also examined using light optical microscopy (LOM). First, a cross-section 
parallel to and near the crack surface was cut, polished, and etched as shown in Figure 230. A 
randomly-selected cross-section normal to the weld axis and near the exposed crack surface (but 
not including the exposed crack surface) was also cut, polished, and etched. The LOM image of 
this randomly-selected cross section is shown in Figure 231, which shows that it intersects a 
different fatigue crack, which had not yet reached the surface of the weld. The image in Figure 
231 clearly shows the crack developing from the root, and provides further confirmation that the 
observed cracks initiated at the weld root. The inset image with higher magnification shows that 
the crack initiated at the point where the area of lack-of-fusion at the weld root meets the area of 
weld fusion to the rib. A second, much smaller small crack initiating at the weld root is also 
evident in the inset image with higher magnification. The fit-up gap between the cut edge of the 
floor beam web and the rib wall is also evident in the images and is approximately 1/32 inch, 
well within limit prescribed in AWS D1.5. Projections of the floor beam web and rib wall 
surfaces are indicated in the figure, which show that the weld did not exhibit inadequate fusion. 
Scanning electron microscopy (SEM) was also performed on the sample. Even at higher 
magnification, no evidence of beach marks was found. The results of SEM did provide further 
confirmation of the point of crack initiation at the weld root. 
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Source: Lehigh University 
 
Figure 230. Photo. LOM image of polished surface cut parallel to fracture surface of 
sample removed from west side of web on south side of Rib 2 of Panel D (east panel). Photo 
by Ally Fraser, Lehigh University. 
 
 
         Source: Lehigh University 
 
Figure 231. Photo. LOM images of polished and etched random surface perpendicular to 
weld axis of sample from west side of web on south side of Rib 2 in Panel D (east panel) 
showing other cracks initiating from weld root. Photos by Ally Fraser, Lehigh University. 
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Figure 227 shows the crack in the sample from the west side of the floor beam web at the south 
side of Rib 2 of Panel D. A similar crack developed on the east side of the floor beam web. The 
figures show that the crack surfaces are inclined to the weld axis. Figure 232 shows a schematic 
representation of the crack surface in an RFB connection fillet weld. Examination of the surfaces 
of the cracks from the south side of Rib 2 of Panel D shows that the crack surfaces are 
approximately planar, as depicted schematically in Figure 232. 
 
Figure 232. Illustration. Schematic drawing of crack surface in RFB connection fillet weld. 
Measurements were made on each surface of the cracks at the south side of Rib 2 of Panel D to 
estimate the orientation of the crack surface with respect to the weld, assuming the crack surface 
is planar. Digital photographs of the crack surfaces were taken with the camera aligned along the 
three coordinate axes shown in Figure 232. The three-dimensional coordinates of five points 
(each point was identifiable in each of the photographs taken from the three directions) on each 
surface were measured using the digital photographs.  Using these three-dimensional 
coordinates, a best-fit plane for the crack surface was determined using a least-squares 
regression. The estimated surface normal vectors for the best-fit planes for the two crack surfaces 
are provided in Table 39. The table shows that the x and y components of the surface normal 
vector for the east side crack and the west crack are the same sign and are comparable in 
magnitude. The z component for the east and west cracks are similar in magnitude but have 
different signs, consistent with the observation that the crack surfaces are nearly symmetric about 
a plane at the mid-thickness of the floor beam web. 
 
In summary, the cracks appear to have initiated at the weld root and propagated in fatigue until 
they reached the weld surface. The orientations of the crack planes are skewed from the weld 
axis. The cracks initiated at multiple points likely due to typical discontinuities introduced at the 
root during the welding process. The large stresses present over relatively large lengths of the 
RFB connection welds caused multiple parallel cracks to initiate and propagate. These results 
x z 
y 
Floor Beam Web 
Rib 
Planar Crack Surface 
 220 
show that for locations in fitted RFB connections where stresses due to in-plane loading are 
large, root cracking may be the governing cause of fatigue cracking. 
 
Table 39. Estimated surface normal vectors of best-fit planes for crack surfaces on south 
side of Rib 2 of Panel D (east panel). 
Side of Floor 
Beam Web 
Surface 
Normal 
Vector x 
Component 
𝑢𝑢�𝑥𝑥 
Surface 
Normal 
Vector y 
Component 
𝑢𝑢�𝑦𝑦 
Surface 
Normal 
Vector z 
Component 
𝑢𝑢�𝑧𝑧 
East 0.677 -0.385 0.628 
West 0.820 -0.282 -0.498 
 
Application of Fatigue Damage Model to Assess Potential for Cracking 
The accumulation of fatigue damage can be quantified using the Palmgren-Miner linear damage 
model (Miner 1945). In this model, fatigue damage is represented by a fatigue damage index 
which equals the number of cycles at a given stress range (n) divided by the fatigue life at that 
stress range (N). If more than one stress range is applied, the total fatigue damage index is 
obtained by summing the damage indices for the different stress ranges. For the constant 
amplitude loading used in the cyclic in-plane loading fatigue testing, the total fatigue damage 
index equals the number of loading cycles applied during testing divided by the fatigue life at the 
applied stress range. The mean S-N curve for the appropriate fatigue category is used to calculate 
the fatigue life. A fatigue damage index of 1.0 (or greater) indicates that the mean fatigue life is 
reached (or exceeded), and fatigue cracking is expected. Here, the Palmgren-Miner fatigue 
damage index is applied to both FEA and test results for the fitted RFB connection test 
specimens, and is used to compare the potential for weld toe cracking with the potential for weld 
root cracking of the test specimens.  
FEA results for the fitted RFB connection specimens were presented in Chapter 5. The 
circumferential variation of the stress normal to the weld toe on the rib wall of the fitted RFB 
connections of Rib 1 and Rib 2 is shown in Figure 134. The circumferential variation of the 
stress normal to the weld toe on the floor beam web at the fitted RFB connections of Rib 1 and 
Rib 2 is shown in Figure 135. Finally, the circumferential variation of the tangential stress at the 
weld root of the fitted RFB connections of Rib 1 and Rib 2 is shown in Figure 136. As seen in 
these three figures, the variation of these stresses is similar, with small magnitude stresses at the 
rib bottom and largest magnitude stresses at locations with an angular measure between 40 and 
60 degrees from the rib bottom. It should be noted that these figures show the stresses resulting 
from the 83 kips tandem axle load. As previously noted, the tandem axle load applied during the 
cyclic in-plane loading fatigue testing was increased by 25% to 104 kips to increase the potential 
for fatigue cracking in the fitted RFB connection specimens. 
Figure 233 shows the variation of the fatigue damage index for rib wall weld toe cracking on the 
north side of the bottom of Rib 1 and Rib 2 based on stresses from FEA of SMB under a tandem 
axle load of 104 kips. The mean S-N curve for AASHTO Fatigue Category C was used to 
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calculate the fatigue life from the FEA stress at each point on the north side of the rib bottom, 
where the stress normal to the weld toe is in tension (see Figure 134). The figure shows that for 
Rib 2, fatigue damage indices exceeding 1.0 are calculated for locations with an angular measure 
ranging from 35 to 75 degrees from the center (i.e., bottom) of the rib, with a maximum fatigue 
damage index of approximately 2.3. The fatigue damage indices for Rib 1 are smaller, but 
exceed 1.0 at locations with an angular measure ranging from 45 to 70 degrees from the center of 
the rib. These results are consistent with the intent of developing rib wall weld toe fatigue 
cracking during the tests as described in Chapter 5. Stresses of 17.2 ksi and 12.1 ksi were 
estimated from the strain measurements during testing at the 0.4t rib wall weld toe gages on the 
northeast side of Rib 1 and Rib 2, respectively (i.e., Gage 30) of Panel C. These stresses exceed 
the stress estimated from FEA at the same locations of 13.8 ksi and 6.1 ksi. Using these stresses 
from the testing, the calculated fatigue damage indices are equal to 1.90 and 0.61. In summary, 
although the fatigue damage index results indicate that rib wall weld toe cracking could be 
expected for Rib 1 and Rib 2 after approximate 2 million cycles of in-plane loading of the fitted 
RFB connection test specimens, rib wall weld toe fatigue cracks were not observed  
Figure 234 shows the variation of fatigue damage index for floor beam web weld toe fatigue 
cracking on the north side of the bottom of Rib 1 and Rib 2 of the fitted RFB connection test 
specimens based on stresses from FEA of SMB under a tandem axle load of 104 kips. As shown, 
a maximum fatigue damage index of approximately 0.4 was calculated at a location with an 
angular measure of 50 degrees from the rib bottom of Rib 2. Stresses of 7.6 ksi and 7.5 ksi were 
estimated from the strain measurements during testing at the 0.4t floor beam web weld toe gages 
on the northeast side of Rib 1 and Rib 2, respectively (i.e., Gage 28 of Panel C). Using these 
stresses from testing, the calculated fatigue damage indices are equal to 0.13 and 0.13. In 
summary, floor beam weld toe fatigue cracking was not expected and was not observed for Rib 1 
or Rib 2 after 2 million cycles of in-plane loading of the fitted RFB connection test specimens. 
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Figure 233. Graph. Variation in fatigue damage index for weld toe on rib wall around rib 
bottom of fitted RFB connections of Rib 1 and Rib 2 of test specimen with independent 
floor beam under applied 104 kips tandem axle in-plane loading. 
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Figure 234. Graph. Variation in fatigue damage index for weld toe on floor beam web 
around rib bottom of fitted RFB connections of Rib 1 and Rib 2 of test specimen with 
independent floor beam under applied 104 kips tandem axle in-plane loading. 
As described earlier, weld root fatigue cracking was observed for Rib 1 and Rib 2 of the fitted 
RFB connection test specimens under cyclic in-plane loading fatigue testing. Here, the 
Palmgren-Miner fatigue damage index is applied using weld root stresses from FEA of the fitted 
RFB connection test specimens. 
As mentioned in Chapter 2 and Chapter 4, the AASHTO BDS (AASHTO 2016) has no 
recommendations for fatigue evaluation of the weld root in an RFB connection. In Chapter 4 and 
Chapter 5, the tangential stress at the weld root of an RFB connection is compared with the 
fatigue resistance for AASHTO Fatigue Category B. The weld root under normal stress tangent 
to the weld root (i.e., the tangential stress, tangent to the weld axis) appears to be consistent with 
AASHTO Fatigue Category B. Fatigue cracking under this tangential stress would propagate in a 
plane perpendicular to the weld axis.  
The variation of the fatigue damage index for weld root cracking from tangential stress around 
the bottom of Rib 1 of the fitted RFB connection test specimens based on stresses from FEA of 
SMB under a tandem axle load of 104 kips is shown in Figure 235. Figure 236 shows the same 
results for Rib 2. In calculating the damage index, the mean S-N curve for AASHTO Fatigue 
Category B was used to calculate the fatigue life from the tangential stress from FEA at each 
point around the rib bottom. 
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An additional fatigue evaluation of the fillet weld root of the fitted RFB connection test 
specimens was made for normal stress that is transverse to the weld axis, that is, the normal 
stress in the floor beam web plate that is transverse to the weld axis. This direction of normal 
stress is the same as the direction used to evaluate the floor beam web fillet weld toe. However, 
to evaluate the floor beam web fillet weld toe, the stress normal to the weld toe on the surface of 
the floor beam web plate is used. To evaluate the weld root, a nominal (or average) stress in the 
floor beam web plate (normal to the weld axis) is used. The condition of the weld root under this 
normal stress appears to be consistent with the modified Fatigue Category C detail from the 
AASHTO BDS (AASHTO 2016) for welded Tee or cruciform connections. The modified 
Fatigue Category C detail can be a one-sided (Tee) connection or two-sided (cruciform) 
connection, and consists of a primary plate under normal (tension) stress, which terminates at a 
transverse plate. To evaluate this detail for fatigue, the fatigue resistance for AASHTO Fatigue 
Category C is reduced by a factor that depends on the primary plate thickness, fillet weld size, 
and unfused dimension between weld roots on either side of the primary plate. For the fitted RFB 
connection test specimens, this reduction factor is 0.57. Fatigue cracking from the weld root 
under stress normal to the weld axis would propagate through the weld throat. 
Figure 235 shows the variation of the fatigue damage index for weld root cracking from 
transverse normal stress around the bottom of Rib 1 of the fitted RFB connection test specimens 
based on stresses from FEA of SMB under a tandem axle load of 104 kips. Figure 236 shows the 
same results for Rib 2. In calculating the damage index, the mean S-N curve for AASHTO 
Fatigue Category C was reduced by the factor of 0.57 (consistent with a modified Fatigue 
Category C detail for a one-sided (Tee) connection). This reduced mean S-N curve was used to 
calculate the fatigue life from the nominal stress in the floor beam web plate normal to the weld 
axis. At a given point around the rib bottom, the nominal stress in the floor beam web plate 
(normal to the weld axis) was determined by averaging the normal stresses at the web surfaces 
along with three points through the thickness (five points in total).These average normal stresses 
were calculated along a path 0.5 inches (equal to the floor beam web thickness) from the weld 
toe around the rib bottom to avoid the effects of stress concentration (analytical singularity) at 
the weld toe. It was found that the stresses through the thickness of the floor beam web at these 
locations were nearly uniform with minimal effects of the stress concentration at the weld toe.  
Finally, a third calculation of the fatigue damage index for weld root cracking was made, which 
combined the damage indices for weld root cracking from tangential normal stress and from 
normal stress acting in the plane of the floor beam web normal to the weld axis. This 
combination considers the orientation of the observed fatigue cracks, which appear to be from a 
stress state that is more complex than tangential stress alone or normal stress alone. The fatigue 
damage index for combined stress was calculated as a simple sum of the damage index for weld 
root cracking from tangential stress and the damage index for weld root cracking from normal 
stress. The results are shown in Figure 235 for Rib 1 and Figure 236 for Rib 2. 
Figure 235 shows that for Rib 1, weld root cracking was not expected from the fatigue damage 
index for weld root cracking from tangential stress or from the fatigue damage index for weld 
root cracking from normal stress. However, weld root cracking could be expected on the tension 
side of Rib 1 from the fatigue damage index for weld root cracking from combined stress as the 
combined fatigue damage index exceeds 1.0 at locations with an angular measure ranging from 
45 to 60 degrees from the center of the rib on the north side of the rib. Figure 236 for Rib 2 
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shows that the fatigue damage index for weld root cracking from combined stress exceeds 1.0 at 
locations with an angular measure ranging from -40 to -60 degrees from the center of the rib, 
which suggests that weld root cracking could be expected for some locations of Rib 2 of the test 
specimens. 
Together, Figure 235 and Figure 236 show that the fatigue damage index for weld root cracking 
from combined stress is largest at locations with an angular measure of approximately 50 degrees 
on each side of the rib bottom. However, these figures also show that the weld root fatigue 
cracks were observed in the test specimens at locations with angular measures ranging from 15 
to 40 degrees, which suggests that predicting weld root cracking using only normal stresses from 
simple FEA models and fatigue resistance for corresponding AASHTO BDS (AASHTO 2016) 
fatigue categories is ineffective. Other contributing factors, such as shear stress within the weld, 
and the potential for variation of root discontinuities around the rib bottom may be important. 
In summary, fatigue damage index results indicate that rib wall weld toe cracking was expected 
for Rib 1 and Rib 2, but rib wall weld toe fatigue cracks were not observed after nearly 2 million 
cycles of in-plane loading of the fitted RFB connection test specimens. Floor beam weld toe 
fatigue cracking was not expected from fatigue damage index results and was not observed for 
Rib 1 or Rib 2. For Rib 1 and Rib 2, weld root cracking could be expected from fatigue damage 
index results, but the expected cracking was at locations that differed significantly from locations 
where root cracking was observed in both Panel C and Panel D. 
 
Figure 235. Graph. Variation in fatigue damage indices for weld root cracking around rib 
bottom of fitted RFB connection of Rib 1 of test specimen with independent floor beam 
under applied 104 kips tandem axle in-plane loading. 
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Figure 236. Graph. Variation in fatigue damage indices for weld root cracking around rib 
bottom of fitted RFB connection of Rib 2 of test specimen with independent floor beam 
under applied 104 kips tandem axle in-plane loading. 
The above results show that it is not possible to predict the observed fillet weld root cracking 
using only normal stresses from simple FEA models and fatigue resistance for the corresponding 
AASHTO BDS (AASHTO 2016) fatigue categories. Considering this finding, as well as the 
observation that the crack surfaces are inclined to the weld axis, the effects of shear stresses in 
the fillet welds of fitted RFB connections were included in the fatigue damage model. 
Specifications other than AASHTO BDS (AASHTO 2016), which include fatigue categories for 
both shear stress and normal stress were identified and used, focusing on Eurocode 3 (Eurocode 
2006) and DNV-RP-C203 (DNV 2011). 
Eurocode 3, Part 1.9 (Eurocode 2006) defines the fatigue resistance of fillet welds for weld root 
cracking as follows. For normal stress that is transverse to the fillet weld axis, the design fatigue 
resistance is 36 MPa (5.2 ksi) at 2,000,000 cycles, and the slope of the design S-N curve is m = -
3.  For normal stress that is along the fillet weld axis (i.e., tangential normal stress, which is 
denoted longitudinal normal stress here) for fillet welds produced with an automated process, the 
design fatigue resistance is 125 MPa (18.1 ksi) at 2,000,000 cycles, and the slope of the design 
S-N curve is m = -3. For shear stress from shear force acting along the fillet weld axis (i.e., 
longitudinal shear), the design fatigue resistance is 80 MPa (11.6 ksi) at 2,000,000 cycles, and 
the slope of the design S-N curve is m = -5.  
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Fatigue damage indices for weld root cracking under transverse normal stress, longitudinal 
(tangential) normal stress, and longitudinal shear stress were calculated using the appropriate 
design S-N curves from Eurocode 3, Part 1.9 (Eurocode 2006). The individual fatigue damage 
indices were combined using the Palmgren-Miner fatigue damage model. Similar to the approach 
presented earlier using the mean S-N curves for the appropriate fatigue categories from the 
AASHTO BDS (AASHTO 2016), the fatigue damage indices were calculated using the design 
fatigue life for root cracking from Eurocode 3, Part 1.9 (Eurocode 2006). To calculate the fatigue 
design life, a corresponding fatigue stress index was calculated, which is consistent with the 
fatigue resistance defined by Eurocode 3, Part 1.9 (Eurocode 2006) for transverse normal stress, 
longitudinal (tangential) normal stress, and longitudinal shear stress. 
Figure 237 shows the relevant nominal fillet weld stresses, which were used to calculate these 
stress indices. These relevant nominal stresses can be obtained from stress analysis. 
The transverse normal fatigue stress index, 𝜎𝜎𝑤𝑤,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, is: 
𝜎𝜎𝑤𝑤,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = �𝜎𝜎⊥2 + 𝜏𝜏⊥2  
while the longitudinal normal fatigue stress index, 𝜎𝜎𝑤𝑤,𝑙𝑙𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝑡𝑡𝑙𝑙 = 𝜎𝜎∥ and the longitudinal shear 
fatigue stress index, 𝜏𝜏𝑤𝑤 = 𝜏𝜏∥; where 𝜎𝜎⊥, 𝜏𝜏⊥, 𝜎𝜎∥ and 𝜏𝜏∥ are the nominal fillet weld stresses defined 
in Figure 237. As, shown in the figure, these nominal fillet weld stresses act on the effective 
throat area of the weld. In the figure, the effective throat is rotated normal to 𝜎𝜎⊥. 
 
Figure 237. Illustration. Nominal fillet weld stresses for calculating stress indices per 
Eurocode 3 Part 1.9 (adapted from Eurocode 2006). 
For the fitted RFB connection fillet welds, the nominal fillet weld stresses are difficult to 
calculate directly and therefore stresses are obtained from FEA. From the FEA results for the 
fitted RFB connection test specimens, selected stress components (𝜎𝜎𝜃𝜃𝜃𝜃, 𝜎𝜎𝑡𝑡𝑡𝑡, and 𝜏𝜏𝑡𝑡𝜃𝜃) were 
obtained in the floor beam web at many locations around the RFB connection, at a distance equal 
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to the floor beam web thickness (tFB) away from the RFB connection fillet weld toe (see Figure 
238). The magnitude of the other three components of stress are small and were neglected for 
simplicity. Using the 𝜎𝜎𝑡𝑡𝑡𝑡, and 𝜏𝜏𝑡𝑡𝜃𝜃 stresses, the nominal stresses 𝜎𝜎⊥ and 𝜏𝜏∥ are calculated as 
illustrated in Figure 239.  In addition 𝜎𝜎∥ = 𝜎𝜎𝜃𝜃𝜃𝜃, and, since 𝜏𝜏𝑡𝑡𝑧𝑧 is small and was neglected, 𝜏𝜏⊥  
was neglected.
 
Figure 238. Illustration. Stresses obtained from FEA to be used for determination of 
nominal fillet weld stresses using Eurocode 3 and DNV. 
 
Figure 239. Illustration. Calculation of nominal fillet weld stresses per Eurocode 3. 
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At each location around the RFB connection, the stress components from FEA and the nominal 
fillet weld stresses were determined, and the normal and shear fatigue stress indices were 
calculated. The corresponding design fatigue life for root cracking per Eurocode 3, Part 1.9 
(Eurocode 2006) was calculated from the appropriate design S-N curve, and the combined 
fatigue damage index was calculated from the fatigue life using the Palmgren-Miner fatigue 
damage model. 
Section 2.3.5 of DNV-RP-C203 (DNV 2011) defines the fatigue resistance of fillet welds for 
weld root cracking as follows. Stress results from FEA were obtained as depicted in Figure 238, 
and used to calculate nominal fillet weld normal stress and shear stress. However, unlike 
Eurocode 3, Part 1.9 (Eurocode 2006), the nominal fillet weld stresses 𝜎𝜎⊥and 𝜏𝜏⊥are defined to be 
acting on the weld “throat section” as shown in Figure 240, and the stress results from FEA must 
be resolved onto the plane of the weld throat. The nominal longitudinal (tangential) normal stress 
𝜎𝜎∥ and nominal longitudinal shear stress 𝜏𝜏∥ are defined as shown in Figure 239 for Eurocode 3. 
 
 
Figure 240. Illustration. Nominal fillet weld stresses forcalculating stress index per DNV-
RP-C203 (DNV 2011). 
From the calculated nominal fillet weld stresses, 𝜎𝜎⊥, 𝜏𝜏⊥, and 𝜏𝜏∥, a single fatigue stress index, 𝜎𝜎𝑤𝑤, 
is defined in DNV-RP-C203 (DNV 2011) as follows: 
𝜎𝜎𝑤𝑤 = �𝜎𝜎⊥2 + 𝜏𝜏⊥2 + 0.2𝜏𝜏∥2 
For this stress index, the design fatigue resistance is 36 MPa (5.2 ksi) at 2,000,000 cycles, with a 
slope of the S-N curve of -3.  For longitudinal (tangential) normal stress along the weld axis, 
represented by the normal fatigue stress index, 𝜎𝜎𝑤𝑤,𝑙𝑙𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝑡𝑡𝑙𝑙 = 𝜎𝜎∥, the design fatigue resistance 
is 125 MPa (18.1 ksi) at 2,000,000 cycles, and the slope of the design S-N curve is m = -3.  
At each location around the RFB connection, the stress components from FEA and the nominal 
fillet weld stresses were determined, and the stress indices (i.e., 𝜎𝜎𝑤𝑤 and 𝜎𝜎𝑤𝑤,𝑙𝑙𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡𝑡𝑡𝑙𝑙 = 𝜎𝜎∥ ) 
were calculated. The corresponding design fatigue life for root cracking per DNV-RP-C203 
(DNV 2011) was calculated from the appropriate design S-N curve, and the combined fatigue 
damage index was calculated from the fatigue life using the Palmgren-Miner fatigue damage 
model. 
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Fatigue damage index results for root cracking, including the effects of shear stresses, based on 
the design fatigue life from Eurocode 3 (Eurocode 2006) and DNV-RP-C203 (DNV 2011) were 
calculated for the fillet welds at Rib 1 and Rib 2 of the fitted RFB connection test specimens 
under in-plane cyclic fatigue loading.  The fatigue damage index results were calculated at 
locations around the RFB connection for Rib 1 and Rib 2, as shown in Figure 241 and Figure 
242, respectively. The figures also show the locations where fatigue cracks were observed in the 
fitted RFB connection test specimens. 
Figure 241 and Figure 242, compared to Figure 235 and Figure 236, show that including the 
effects of shear stresses improved the tendency for the fatigue damage index to predict the 
potential for weld root cracking.  For example, for Rib 1, the fatigue damage index results in 
Figure 241 at the locations of the observed fatigue cracks range from 42% to 52% of the largest 
fatigue damage index based on the Eurocode 3 (Eurocode 2006) approach, and range from 48% 
to 65% of the largest fatigue damage index based on the DNV-RP-C203 (DNV 2011) approach. 
By comparison, for Rib 1, the fatigue damage index results in Figure 235 at the locations of the 
observed fatigue cracks range from 6% to 38% of the largest fatigue damage index based on only 
normal stresses and the corresponding fatigue resistance from AASHTO (AASHTO 2016). It is 
seen that by including a contribution from shear stress, the fatigue damage index determined 
using Eurocode 3 (Eurocode 2006) or DNV-RP-C203 (DNV 2011) provides a better prediction 
of the observed fillet weld root cracking of Rib 1 of the fitted RFB connection test specimens, 
compared to the prediction made using only normal stresses and fatigue resistance for the 
corresponding AASHTO fatigue categories (AASHTO 2016).  
Similarly, for Rib 2, the fatigue damage index results in Figure 242 at the locations of the 
observed fatigue cracks range from 50% to 76% of the largest fatigue damage index based on the 
Eurocode 3 (Eurocode 2006) approach, and range from 57% to 81% of the largest fatigue 
damage index based on the DNV-RP-C203 (DNV 2011) approach. By comparison, for Rib 2, the 
fatigue damage index results in Figure 236 at the locations of the observed fatigue cracks range 
from 35% to 72% of the largest fatigue damage index based on only normal stresses and fatigue 
resistance from AASHTO (AASHTO 2016). Again, by including a contribution from shear 
stress, the fatigue damage index determined using Eurocode 3 (Eurocode 2006) or DNV-RP-
C203 (DNV 2011) provides a better prediction of the observed fillet weld root cracking of Rib 1 
of the fitted RFB connection test specimens, compared to the prediction made using only normal 
stresses and the corresponding AASHTO fatigue categories (AASHTO 2016).  
More specifically, for Rib 1, the results based on the Eurocode 3 (Eurocode 2006) show that root 
cracking is expected near the bottom of the rib with angular measures of 15 degrees to either 
side; these results are strongly influenced by the shear stresses, which are largest at the bottom of 
the rib. For Rib 2, the results based on Eurocode 3 (Eurocode 2006) and DNV-RP-C203 (DNV 
2011) indicate that fatigue cracking is expected on the south side of the rib, where fatigue cracks 
were observed. Although there is an improvement in the fatigue assessment results that include 
shear stresses with Eurocode or DNV fatigue categories, compared to the results that include 
only normal stresses with AASHTO fatigue categories, these improved results for Rib 2 show 
that root cracking is expected at an angular measure more than -40 degrees from the center of the 
rib. Root cracking was not observed in such locations. 
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Figure 241. Graph. Variation in fatigue damage indices for weld root cracking around rib 
bottom of fitted RFB connection of Rib 1 of test specimen with independent floor beam 
under applied 104 kips tandem axle in-plane loading using Eurocode 3 and DNV. 
 
Figure 242. Graph. Variation in fatigue damage indices for weld root cracking around rib 
bottom of fitted RFB connection of Rib 2 of test specimen with independent floor beam 
under applied 104 kips tandem axle in-plane loading using Eurocode 3 and DNV. 
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To further study the stress conditions within a fillet weld subjected to shear force, an FEA model 
of a fillet welded tension lap connection was created. The geometry of the model is shown in 
Figure 243. The steel plates and fillet weld were modeled with quadratic brick elements (see 
Figure 244). The two steel plates were connected by only the fillet weld (i.e., the finite element 
meshes of the two steel plates are not directly connected). Boundary conditions were specified to 
prevent plate bending caused by the eccentricity of the loading. 
The standard design approach for a fillet weld in shear (e.g., according to the AASHTO BDS 
(AASHTO 2016)), such as the fillet weld in the tension lap connection in Figure 243, assumes 
the weld to be in a state of pure, constant shear over the area of the weld throat. That is, the 
applied shear force (80 kips for the fillet weld in the figure) results in only shear stress in the 
weld (i.e., without normal stress), producing a uniform shear stress on the weld throat area. For 
an equal leg fillet weld, the throat width is equal to 0.707 times the leg size. The fillet weld leg 
size for the tension lap connection shown in Figure 243 is 5/16 inch. The weld throat area is 
equal to the effective throat width times the length of the weld (i.e., 6 inches). For the fillet weld 
shown in the figure, the resulting uniform (average) shear stress on the throat area is 60 ksi. 
 
Figure 243. Illustration. Fillet welded tension lap connection FEA model. 
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Figure 244. Illustration. FEA mesh for fillet welded tension lap connection. 
 
Figure 245 shows an isometric 3D view of maximum principal stress vectors within the center 1-
inch length of weld in the connection. The figure shows that the principal stresses are 
approximately uniform throughout the center 1-inch length of weld, ranging from approximately 
10 to 13 ksi. This is significantly less than the uniform average shear stress of 60 ksi, because the 
shear stresses are much larger at the ends of the 6-inch weld. Figure 245 shows clearly that the 
principal stresses are skewed from the weld axis, in both transverse directions. 
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Figure 245. Illustration. Isometric 3D view of maximum principal stress vectors in center 1-
inch length of fillet weld of tension lap connection. 
Figure 246 shows the maximum principal stress vectors relative to the weld throat surface and 
weld cross section surface.  It is evident that the maximum principal stress vectors are skewed 
from the weld throat surface and the weld cross section surface.   
 
 
 
Figure 246. Illustration. View of maximum principal stress vectors relative to weld throat 
surface and weld cross section surface. 
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As shown in Figure 245 and Figure 246, for a fillet weld in shear, the maximum principal stress 
vectors within the weld are oblique to both the weld cross section and the weld throat. Weld root 
fatigue cracks driven by shear are expected to propagate in planes perpendicular to these 
principal stress vectors, similar to the planes of cracking observed in the fitted RFB connection 
test specimens. 
Alternately, weld root fatigue cracks driven by stress normal to the weld cross section (i.e., 
longitudinal or tangential to the weld axis), consistent with AASHTO Fatigue Category B, would 
propagate in planes perpendicular to the weld axis (i.e., within weld cross sections). Similarly, 
weld root fatigue cracks driven by stress normal to the weld axis, consistent with the AASHTO 
modified Fatigue Category C detail for welded Tee or cruciform connections, would propagate in 
the weld throat. Root cracks propagating in planes perpendicular to the weld axis (i.e., weld cross 
sections) and cracks propagating in the weld throat were not observed in the fitted RFB 
connection test specimens.   
These observations are consistent with the earlier finding that the fillet weld root cracks observed 
in the fitted RFB connection test specimens are not anticipated based on normal stresses and the 
fatigue resistance for the corresponding AASHTO fatigue categories. When a contribution from 
shear stress is included, fatigue damage indices determined using Eurocode 3 (Eurocode 2006) or 
DNV-RP-C203 (DNV 2011) provide a better prediction of the observed fillet weld root cracks. It 
was noted earlier that although an improved weld root crack prediction was made by including 
shear stress, the improved prediction showed that root cracks should be expected at an angular 
measure more than -40 degrees from the center of the rib, where root cracks were not observed. 
The overall conclusion from this work is that including shear stress is necessary to predict the 
observed filled weld root cracks, but assessments based on fatigue damage indices calculated 
using fatigue categories for shear and normal stress from Eurocode 3 (Eurocode 2006) and DNV-
RP-C203 (DNV 2011) are inadequate to accurately predict the root cracking observed in the 
fitted RFB connection test specimens. Further work is needed to develop a fatigue damage 
assessment including shear stress that more accurately predicts the fillet weld root cracks 
observed in the fitted RFB connection test specimens.  
Measurement Analysis of Macro-etch Fillet Weld Cross-section Samples 
The analyses of the fitted RFB connection test specimens, including the assessment of the fatigue 
resistance and damage indices, used an idealized fillet weld geometry. To understand the actual 
geometry and assess the quality of these fillet welds, detailed measurements were made from 
macro-etch cross-section samples of fillet welds from the RFB connection test specimens after 
testing had been completed. As shown in Figure 247, a macro-etch cross-section sample 
comprises a portion of the rib wall, a portion of floor beam web plate, and both (i.e., the east side 
and west side) fillet welds of the fitted RFB connection. The macro-etch cross-section samples 
included samples from curved portion of the rib and the straight (i.e., flat) portion of the rib from 
the fitted RFB connections of Rib 3 in Panel D, Rib 1 in Panel D, and Rib 1 in Panel C. The RFB 
connection of Rib 3 in Panel D was subjected to small-magnitude stress ranges during both the 
in-plane and out-of-plane loading tests, and therefore the fillet welds of the RFB connection of 
Rib 3 are considered to be representative of the as-fabricated condition. The fillet welds of the 
RFB connections of Rib 1 in Panel C and Rib 1 in Panel D exhibited fatigue cracks during in-
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plane cyclic loading fatigue tests, therefore measurement analysis of the fillet welds near the 
cracks provides insight into the condition of the fillet welds that cracked.  
 
Figure 247. Illustration. Filet weld cross-section sample of fitted RFB connection. 
As shown in Figure 248, initial samples were removed from the RFB connection at Rib 3 in 
Panel D every 1 inch along the curved portion, and every 2 inches along the straight (flat) 
portions. On the north side of Rib 3 in Panel D, along the straight portion, one 2-inch sample was 
divided into two 1-inch samples. The orange lines in Figure 248 represent the cut lines for these 
initial samples. A total of 21 initial samples were removed from both the north side and south 
side of Rib 3 in Panel D. Among these 21 samples, 17 initial samples were further cut 
perpendicular to the RFB connection fillet weld axis to produce cross-section samples. One or 
two cuts were made in each of these 17 initial samples. The cutting locations were random, but 
were selected to produce cross-section samples that were large enough to facilitate the grinding 
and etching needed to produce a macro-etch cross-section sample. A total of 27 cross-section 
samples were produced from the initial samples from Rib 3 in Panel D. These cross-section 
samples were macro-etched, a process which consisted of polishing and etching with 2% Nital 
solution. The identifiers for each macro-etch cross-section sample from Rib 3 in Panel D are 
shown in Figure 249. The blue lines in the figure denote the macro-etched cross-section samples, 
and the dashed orange lines denote the extent of the initial samples cut from Rib 3 in Panel D. 
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Figure 248. Illustration. Initial samples cut from fitted RFB connection of Rib 3 in Panel D. 
 
Figure 249. Illustration. Identifiers for each macro-etch cross-section sample and their 
location within fitted RFB connection of Rib 3 in Panel D. 
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The macro-etch cross-section samples from the fitted RFB connections of Rib 1 in Panel C and 
Rib 1 in Panel D were removed from samples containing fatigue cracks that were used for the 
forensic analysis discussed previously. One initial sample was removed from the north side of 
Rib 1 in Panel C, and one initial sample was removed from the north side of Rib 1 in Panel D. 
These initial samples were further cut perpendicular to the RFB connection fillet weld axis to 
produce macro-etch cross-section samples. Two cross-section samples were produced from the 
sample from Rib 1 in Panel C, as near as possible to the visible fatigue cracks in Rib 1 in Panel 
C. Three cross-section surface samples were produced from the sample from Rib 1 in Panel D, 
with two cuts located as near as possible to the visible fatigue cracks in Rib 1 in Panel D, and 
one cut near the bottom of the rib. Note that from one perpendicular cut which is near the visible 
fatigue crack in Rib 1 in Panel D, two cross-section samples were produced, one from the north 
side and one from the south side. The identifiers for each macro-etch cross-section sample from 
Rib 1 in Panel C and Rib 1 in Panel D are shown in Figure 250 and Figure 251, respectively. In 
these figures, the blue lines denote the macro-etch cross-section samples, the dashed orange lines 
denote the initial samples, and the red lines denote locations of visible fatigue cracks. 
 
Figure 250. Illustration. Identifiers for each macro-etch cross-section sample and their 
location within fitted RFB connection of Rib 1 in Panel C. 
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Figure 251. Illustration. Identifiers for each macro-etch cross-section sample and their 
location within fitted RFB connection of Rib 1 in Panel D. 
Each of the macro-etch cross-section samples was digitally photographed. An example is shown 
in Figure 252 which shows Specimen S7-2 from Rib 3 in Panel D. Using the scaled digital 
photographs, the weld profiles were measured. These measurements included the length of both 
legs of each weld (i.e., leg length on the floor beam and leg length on the rib), the minimum 
throat of each weld, the minimum throat angle of each weld, and the maximum fit-up gap 
between the rib wall surface and the floor beam web plate edge. The minimum throat is the 
shortest straight-line distance between the weld root and the face of the fillet weld. The minimum 
throat angle is the angle between the plane containing the minimum throat and the outside 
surface of the rib wall. 
 240 
 
Figure 252. Photo. Macro-etch cross-section Sample S7-2 of Rib 3 in Panel D  
For Rib 3 in Panel D, the weld leg length for the east and west welds on the floor beam ranges 
from 0.301 to 0.499 inch, with a mean of 0.367 inch and a standard deviation of 0.038 inch. The 
weld leg length for the two welds on the rib ranges from 0.269 to 0.516 inch, with a mean of 
0.374 inch and a standard deviation of 0.048 inch. The specified weld leg length is 5/16 inch = 
0.313 inch. Among the 27 macro-etch cross-section samples, three have weld leg lengths on the 
floor beam web smaller than specified, and three have weld leg lengths on the rib wall smaller 
than specified. The minimum throat for the two welds ranges from 0.244 to 0.288 inch, with a 
mean of 0.260 inch and a standard deviation of 0.010 inch. All of the minimum throat 
measurements for Rib 3 in Panel D are larger than the theoretical throat of (5/16 inch) x (sin 
(45º)) = 0.221 inch for an idealized fillet weld geometry. The minimum throat angle for the two 
welds ranges from 13.8 degrees to 80.6 degrees, with a mean angle of 63.9 degrees and a 
standard deviation of 11.7 degrees. Among the 27 macro-etch cross-section samples, 25 have 
measured minimum throat angles that fall within a range of 52 to 80 degrees. The maximum fit-
up gap ranges from 0.019 inch to 0.063 inch, with a mean of 0.036 inch and a standard deviation 
of 0.015 inch. The maximum permissible fit-up gap for fillet weld joints per AWS D1.5 is 3/16 
inch = 0.188 inch, which is greater than the measured fit-up gap for all macro-etch cross-section 
samples (AASHTO/AWS D1.5 2015). 
The variation of the minimum throat for the east and west fillet welds for Rib 3 in Panel D versus 
macro-etch cross-section sample location along the rib bottom is shown in Figure 253. The 
figure shows that the measured minimum throat in each macro-etch sample is larger than the 
theoretical throat. There is no noticeable difference between the measured minimum throat from 
macro-etch samples along the curved portion of the rib and those from samples along the straight 
portion along the rib. The variation of the minimum throat angle measured from the rib wall for 
the east and west fillet welds of Rib 3 in Panel D versus macro-etch sample location along the rib 
bottom is shown in Figure 254. The figure shows that the minimum throat angle along the curved 
portion of the rib is smaller (closer to the rib wall) than the minimum throat angle along the 
straight portion of the rib. However, all minimum throat angles along the straight portion of the 
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rib are larger than the theoretical throat angle of 45 degrees (closer to the floor beam web than 45 
degrees). 
 
 
Figure 253. Graph. Variation of minimum throat for east and west fillet welds in macro-
etch samples around rib bottom of the fitted RFB connection of Rib 3 in Panel D. 
 
 
Figure 254. Graph. Variation of minimum throat angle measured from rib wall for east 
and west fillet welds in macro-etch samples around rib bottom of fitted RFB connection of 
Rib 3 in Panel D. 
For Rib 1 in Panel C, the weld leg length of the two welds on the floor beam web ranges from 
0.288 to 0.461 inch, with a mean of 0.388 inch and a standard deviation of 0.072 inch. The weld 
leg length of the two welds on the rib ranges from 0.338 to 0.483 inch, with a mean of 0.398 inch 
and a standard deviation of 0.072 inch. Neither of the two macro-etch cross-section samples have 
weld leg lengths on the floor beam web smaller than the specified length of 5/16 inch = 0.313 
inch. One of the two macro-etch samples has a weld leg length on the rib wall smaller than the 
specified length. The minimum throat of the two welds ranges from 0.186 to 0.268 inch, with a 
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mean of 0.236 inch and a standard deviation of 0.038 inch. One of the two macro-etch samples 
has a minimum throat less than the theoretical throat size of 0.221 inch. The minimum throat 
angle of the two welds ranges from 51.9 degrees to 67.7 degrees, with a mean of 60.3 degrees 
and a standard deviation of 6.7 degrees. The maximum fit-up gap ranges from 0.042 inch to 
0.056 inch, with a mean of 0.049 inch and a standard deviation of 0.010 inch. The maximum fit-
up gaps in these macro-etch samples were all less than the maximum permissible gap of 3/16 
inch = 0.188 inch per AWS D1.5. 
For Rib 1 in Panel D, the weld leg length of the two welds on the floor beam web ranges from 
0.358 to 0.499 inch, with a mean of 0.398 inch and a standard deviation of 0.032 inch. The weld 
leg length of the two welds on the rib ranges from 0.332 to 0.425 inch, with a mean of 0.380 inch 
and a standard deviation of 0.039 inch. None of the four macro-etch cross-section samples have 
weld leg lengths on the floor beam web and the rib wall smaller than the specified weld leg 
length of 5/16 inch = 0.313 inch. The minimum throat of the two welds ranges from 0.223 to 
0.254 inch, with a mean of 0.245 inch and a standard deviation of 0.010 inch. All of the 
minimum throat measurements for Rib 1 in Panel D are larger than the theoretical throat size of 
0.221 inch. The minimum throat angle of the two welds ranges from 51.5 degrees to 66.2 
degrees, with a mean of 59.8 degrees and a standard deviation of 5.2 degrees. The maximum fit-
up gap ranges from 0.038 inch to 0.052 inch, with a mean of 0.045 inch and a standard deviation 
of 0.006 inch. The maximum fit-up gaps in these macro-etch samples were all less than the 
maximum permissible gap of 3/16 inch = 0.188 inch per AWS D1.5. 
The variation of the minimum throat for the east and west fillet welds for Rib 1 in Panel C and 
Rib 1 in Panel D versus macro-etch cross-section sample location along the rib bottom is shown 
in Figure 255. The figure shows that one macro-etch sample had a minimum throat less than the 
theoretical throat. The variation of the minimum throat angle measured from the rib wall for the 
east and west fillet welds of Rib 1 in Panel C and Rib 1 in Panel D versus macro-etch sample 
location along the rib bottom is shown in Figure 256. The figure shows that the minimum throat 
angle for each of the macro-etch samples is larger than the theoretical throat angle of 45 degrees 
(closer to the floor beam web than 45 degrees). 
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Figure 255. Graph. Variation of minimum throat for east and west fillet welds in macro-
etch samples around rib bottom of fitted RFB connections of Rib 1 in Panel C and Rib 1 in 
Panel D. 
 
 
Figure 256. Graph. Variation of minimum throat angle measured from rib wall for east 
and west fillet welds in macro-etch samples around rib bottom of fitted RFB connections of 
Rib 1 in Panel C and Rib 1 in Panel D. 
In summary, the measurements from macro-etch cross-section samples of fillet welds from the 
RFB connection test specimens show that the welding process generally produced acceptable 
fillet weld profiles. Among 27 macro-etch cross-section samples from Rib 3 in Panel D, two 
samples from Rib 1 in Panel C, and three samples from Rib 1 in Panel D, only three samples had 
insufficient weld leg lengths on either the floor beam web or the rib wall, and only one sample 
had an insufficient weld throat. The variation in the minimum throat angle along the rib bottom 
shows that the profile of the fillet welds varies from an ideal fillet weld geometry and the 
minimum throat tends to be closer to the floor beam web than the rib wall. The measurements 
confirm that, when the floor beam web plate is cut to fit the assembled as-fabricated rib-deck 
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panel, the fit-up gaps between the floor beam web plate edge and the rib wall surfaces are 
relatively small. The mean minimum throat for the fillet welds of the RFB connection of Rib 1 in 
Panel C was smaller than for Rib 3 in Panel D. However, is it not possible to assess whether the 
smaller minimum throat for Rib 1 (where cracks occurred) was a significant factor in the 
development of fatigue cracks due to the small number of macro-etch specimens from Rib 1. A 
variation of the minimum throat and minimum throat angle could be considered in future 
analyses of the fatigue damage in the fillet welds of the fitted RFB connection test specimens.  
 
FITTED RFB CONNECTION TEST SPECIMEN OUT-OF-PLANE LOADING TEST 
RESULTS 
Out-of-plane loading fatigue testing of the fitted RFB connection test specimens was performed. 
Similar to the out-of-plane loading of the slit RFB connection test specimens, the fitted RFB 
connection specimen in the east setup (Panel D) was tested by imposing rib rotations and rib wall 
shear reactions on the floor beam web similar to those observed for Rib 6 from FEA of the PG 
model of the fitted RFB connection with a restrained floor beam subjected to full tandem out-of-
plane loading, as discussed in Chapter 5. The fitted RFB connection specimen in the west setup 
(Panel C) was tested by imposing rib rotations and rib wall shear reactions on the floor beam 
web that were 25% larger than for the PG model of the fitted RFB connection with a restrained 
floor beam subjected to full tandem out-of-plane loading. 
The out-of-plane floor beam restraint fixture was utilized and positioned beneath Rib 4 for the 
duration of out-of-plane testing as described in Chapter 5. A photograph of the east setup with 
the RFB connection test specimen as configured for the out-of-plane loading test is shown in 
Figure 257. The actuators were positioned as for the out-of-plane loading of the slit RFB 
connection specimens. Transversely, the actuators were aligned with the centerline of Rib 4 (see 
Figure 258). Longitudinally, the actuators were positioned symmetrically relative to the floor 
beam web near the ends of the ribs as for out-of-plane loading of the slit RFB connection 
specimens (see Figure 197).  
FEA results for the fitted RFB connection test specimen subjected to the rib rotation and rib 
shear reaction from the PG model were presented in Chapter 5.  
The loading profiles for the static and cyclic out-of-plane loading tests of the fitted RFB 
connection test specimens are shown in Figure 259 and Figure 260, respectively. An initial load, 
PDL (termed “dead load”), was applied by both actuators that represents a nominal load needed to 
ensure that the actuators remain in contact with the deck plate of the specimens. A zero reference 
for the instrumentation was set after PDL was applied so that the subsequent recorded data 
represents the changes in response from this initial state. A second load, PC (termed “pre-load”), 
was applied by both actuators. PC is the load needed to generate the target rib wall shear reaction 
at the RFB connection. A third load, PL (termed “live load”), was applied, which is the load 
needed to generate the target rib rotation. PL is applied alternately by the east actuator and the 
west actuator to generate an alternating rib rotation at Rib 4, to simulate the rib rotation caused 
by the passage of a tandem axle from one side of the floor beam to the other in the PG model. 
The time duration when PC is applied to the east actuator, and PC and PL are applied to the west 
actuator is referred to as Step #1. The time duration when PC and PL are applied to the east 
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actuator, and PC is applied to the west actuator is referred to as Step #2. During cyclic loading, 
Step #3 is the ramp down back to PDL for both the east and west actuators. It should be noted that 
during Step #1 and Step #2 during static loading, and all three steps during cyclic loading, PDL 
was maintained.  
The rib rotation reported for the out-of-plane loading tests of the fitted RFB connection test 
specimens was determined by taking a rotation measurement on each side of the floor beam web 
during Step #1 and Step #2. The rotations on each side of the floor beam web during Step #1 and 
Step #2 were averaged. These average values for Step #1 and Step #2 were then averaged 
together, resulting in the average live load rib rotation. For the static and cyclic loading of Panel 
C, a rib rotation of 0.105 degrees (25% larger rib rotation than the PG analysis) was the target 
value, and for the static and cyclic loading of Panel D a rib rotation of 0.084 degrees (the rib 
rotation from the PG analysis) was the target value. 
Similar to the procedure used for the other cyclic loading fatigue tests, at each instrumented 
location, an average measured strain range was determined. At each inspection (performed every 
200,000 cycles, +/- 50,000) the strain range measurements were averaged over approximately 
two minutes. Then these values for each inspection were averaged to determine the strain range 
for the test. The estimated stress range was then determined from the average measured strain 
range using the stress estimation process described previously. 
 
 
                       Source: Lehigh University 
Figure 257. Photo. Fitted RFB connection test specimen (Panel D) as configured for out-of-
plane loading test (looking east). Photo by Ian Hodgson, Lehigh University. 
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Figure 258. Illustration. Elevation of fitted RFB connection test specimen out-of-plane 
loading tests showing transverse position of actuator. 
 
Figure 259. Illustration. Fitted RFB connection test specimen static out-of-plane loading 
profile. 
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Figure 260. Illustration. Fitted RFB connection test specimen cyclic out-of-plane loading 
profile. 
Static Loading Fatigue Test Results 
Static out-of-plane loading tests were performed on both Panel C and Panel D to establish the 
loads PC and PL to induce the target rib rotations. One static test for Panel C and seven static 
tests for Panel D were performed both prior to cyclic loading fatigue testing and intermittently 
during cycle loading to ensure the applied loads produced the target rib rotations. The average 
live load rib rotations were averaged across each static test, resulting in a rib rotation of 0.105 
degrees for Panel C, and 0.086 degrees for Panel D. Both of these rib rotations were within 3% 
error of the target rib rotations. 
Cyclic Loading Fatigue Testing Results 
Cyclic out-of-plane loading fatigue testing was conducted with the load cycles applied at a rate 
of 0.37 cycles per second and 0.67 cycles per second for Panel C and Panel D respectively.  
Table 40 shows the estimated stress ranges measured in Panel D at the floor beam weld toe (see 
Figure 194 for strain gage locations) at the bottom of Rib 4. All the stress ranges listed were 
subject to stress reversal due to the out-of-plane rotation of the floor beam web. Table 41 shows 
the estimated stress ranges measured near the rib wall weld toe at the bottom of Rib 4 of Panel D 
(see Figure 191 and Figure 194 for strain gage locations). As indicated in the tables, the highest 
stress ranges are at the rib wall weld toe. However, the stress range cycle for the rib wall weld 
toe is completely compressive as a result of primary bending of the rib. As shown in the tables, 
the stress ranges exceed the 10 ksi CAFL for AASHTO Fatigue Category C at both the floor 
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beam web weld toe and the rib wall weld toe. A total of 4.82 million loading cycles were applied 
to Panel D. No indications of fatigue cracking were found. 
The estimated stress ranges at the measurement locations and the stress ranges extrapolated to 
the weld toe (i.e., the local structural stress) at the east side of the floor beam web of Rib 4 in 
Panel D are plotted in Figure 261. The figure also shows the design, mean, and upper bound S-N 
curves for AASHTO Fatigue Category C. As shown, using LSS, the number of loading cycles 
applied exceeds the upper bound fatigue life for Category C, although fatigue cracking did not 
occur. Given that the upper bound fatigue life was exceeded, the floor beam weld toe was 
expected to crack with 95% confidence. A similar plot for the west side of the floor beam web of 
Rib 4 in Panel D is plotted in Figure 262. As shown, using LSS, the number of cycles applied 
exceeds the mean fatigue life for Category C, although fatigue cracking did not occur. 
Table 42 presents the estimated stress ranges measured at the floor beam weld toe at the bottom 
of Rib 4 of Panel C. The estimated stress ranges at the rib wall weld toe at the bottom of Rib 4 of 
Panel C are shown in Table 43. Similar to Panel D, the highest stresses are at the rib wall weld 
toe, however, these stresses are entirely compressive. Although the stress ranges exceeded the 10 
ksi CAFL for AASHTO Fatigue Category C at both the floor beam and the rib wall weld toes, no 
indications of fatigue cracking were found after 1.34 million cycles were applied. 
The estimated stress ranges at the measurement locations and the stress ranges extrapolated to 
the weld toe (i.e., the local structural stress) at the east and west side of the floor beam web of 
Rib 4 in Panel C are plotted in Figure 263 and Figure 264, respectively. The figures also show 
the design, mean, and upper bound S-N curves for AASHTO Fatigue Category C. As shown, 
using LSS, the number of cycles applied exceeds the upper bound fatigue life for Category C, 
though no fatigue cracking occurred. Given that the upper bound fatigue life was exceeded, the 
floor beam weld toe was expected to crack with 95% confidence. 
Each of the fitted RFB connection test specimens was tested beyond the upper bound fatigue life 
under out-of-plane loading. The FEA results discussed in Chapter 4 showed that with a 
restrained floor beam and a floor beam depth of 26-1/2 inches, the fitted RFB connection was 
unlikely to have good fatigue performance under out-of-plane loading. In contrast to these initial 
results from FEA, the results from testing the fitted RFB connection test specimens under out-of-
plane loading indicate that restrained floor beams with fitted RFB connections may have good 
fatigue performance. Placement of the weld stop of the fitted RFB connection fillet welds at the 
rib bottom (top of the ribs during welding) where stresses normal to the floor beam web weld toe 
were largest did not appear to have a detrimental effect on the observed fatigue performance of 
the test specimens. 
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Table 40. Estimated stress range at strain gages normal to the weld toe on the floor beam 
web at the rib bottom of fitted RFB connections of Rib 4 in Panel D during cyclic out-of-
plane loading test. 
Gage 
Number 
Nominal 
Distance 
from  
Weld Toe 
Gage 
Location 
Relative to 
Floor Beam 
Web 
Stress 
Range at 
Rib 4 
(ksi) 
19 0.4t East 13.0 
21 1.0t East 10.6 
20 0.4t West 11.0 
22 1.0t West 9.7 
 
Table 41. Estimated stress range at strain gages normal to the weld toe on the rib wall at 
the rib bottom of fitted RFB connections of Rib 4 in Panel D during cyclic out-of-plane 
loading test. 
Gage 
Number 
Nominal 
Distance 
from Weld 
Toe 
Gage 
Location 
Relative to 
Floor Beam 
Web 
Stress 
Range at 
Rib 4 
(ksi) 
15 0.4t East 12.5 
16 1.0t East 9.2 
17 0.4t West 14.9 
18 1.0t West 11.3 
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Figure 261. Graph. S-N data for out-of-plane loading fatigue testing of Panel D showing 
measured and extrapolated stress ranges on east side of floor beam web at bottom of Rib 4 
for Gages 19 and 21, and design, mean, and upper bound S-N curves for Category C. 
 
Figure 262. Graph. S-N data for out-of-plane loading fatigue testing of Panel D showing 
measured and extrapolated stress ranges on west side of floor beam web at bottom of Rib 4 
for Gages 20 and 22, and design, mean, and upper bound S-N curves for Category C. 
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Table 42. Estimated stress range at strain gages normal to the weld toe on the floor beam 
web at the rib bottom of fitted RFB connections of Rib 4 in Panel C during cyclic out-of-
plane loading test. 
Gage 
Number 
Nominal 
Distance 
from  
Weld Toe 
Gage 
Location 
Relative to 
Floor Beam 
Web 
Stress 
Range at 
Rib 4 
(ksi) 
19 0.4t East 18.7 
21 1.0t East 16.4 
20 0.4t West 17.7 
22 1.0t West 16.1 
 
Table 43. Estimated stress range at strain gages normal to the weld toe on the rib wall of 
fitted RFB connections of Rib 4 in Panel C during cyclic out-of-plane loading test. 
Gage 
Number 
Nominal 
Distance 
from  
Weld Toe 
Gage 
Location 
Relative to 
Floor Beam 
Web 
Stress 
Range at 
Rib 4 
(ksi) 
15 0.4t East 17.9 
16 1.0t East 13.7 
17 0.4t West 22.8 
18 1.0t West 16.7 
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Figure 263. Graph. S-N data for out-of-plane loading fatigue testing of Panel C showing 
measured and extrapolated stress ranges on east side of floor beam web at bottom of Rib 4 
for Gages 19 and 21, and design, mean, and upper bound S-N curves for Category C. 
 
Figure 264. Graph. S-N data for out-of-plane loading fatigue testing of Panel C showing 
measured and extrapolated stress ranges on west side of floor beam web at bottom of Rib 4 
for Gages 20 and 22, and design, mean, and upper bound S-N curves for Category C. 
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CHAPTER 8. CONCLUSIONS AND RECOMMENDATIONS 
SUMMARY OF WORK AND FINDINGS 
Despite the potential advantages of orthotropic steel decks (OSDs), one of the barriers to 
increased use of OSDs in the United States has been the relatively high initial cost of fabrication, 
resulting from the details specified to achieve the desired fatigue performance of the rib-to-floor 
beam (RFB) connection. 
This research was performed to: (1) investigate the manufacturability of several different RFB 
connections; (2) investigate available automated (robotic) fabrication processes for these 
connections; (3) assess the stress response and the potential for good fatigue performance of 
candidate RFB connections using finite element analysis; (4) assess the stress response and the 
potential for good fatigue performance of these connections through full-scale laboratory tests; 
and (5) to develop recommendations for RFB connection details that have potential for good 
fatigue performance and are amenable to automated fabrication. 
Manufacturability of RFB Connections 
OSD manufacturability is closely related to the potentially labor-intensive RFB connection. 
Automated fabrication of the RFB connection would improve OSD manufacturability. 
Three types of RFB connections were studied, namely: (1) the fitted RFB connection (Figure 3); 
(2) the extended cut-out RFB connection (Figure 1); and (3) the slit RFB connection (Figure 6). 
The potential advantages and disadvantages of each connection type with respect to 
manufacturability and potential for automated fabrication were reviewed in Chapter 2. 
To improve manufacturability of RFB connections, automation can be applied to: (1) 
measurement of the as-fabricated rib-deck panel profile at the locations of the floor beam webs, 
where the RFB connections will be made; (2) custom cutting the floor beam web plate to fit the 
assembled rib-deck panel profile at each floor beam location, to create tight fit without extensive 
manual fabrication effort, such as grinding of the floor beam web plate; and (3) robotic welding 
of the floor beam web to the assembled rib-deck panel (i.e., automated welding of the RFB 
connection). 
Critical factors that generally affect the manufacturability of a welded steel structure include the 
specified plate thicknesses and weld sizes, root gap fit-up tolerances for the welded joints, 
welding positions and procedures, and final dimensional and flatness tolerances for the welded 
structure accounting for welding-induced distortion. Critical factors that can influence the 
manufacturability and the potential use of automated fabrication for RFB connections include: 
the RFB connection weld type; the orientation of the assembled rib-deck panel during welding of 
the RFB connection; the requirement or need for manual grinding to create tight fit of the RFB 
connection or to create the desired profile of the RFB connection; the presence of extended cut-
outs which terminate on the rib wall; and the presence of internal rib stiffeners or bulkheads 
within the rib at the RFB connection. More specific details related to these critical factors are 
summarized in Chapter 2. 
 254 
Finite Element Analysis Results for Candidate Connections 
Finite element analysis (FEA) of a global bridge model with an OSD, termed the plate girder 
(PG) model, was performed for the three different RFB connection types, namely: (1) the fitted 
RFB connection; (2) the extended cut-out RFB connection; and (3) the slit RFB connection. FEA 
were performed on models with independent floor beams, and on models with restrained floor 
beams; the restrained floor beam condition often occurs when OSDs are used in deck 
replacement applications. The FEA were performed to understand the stress response and to 
evaluate the potential for good fatigue performance of each RFB connection type. The FEA 
results were also used to select the RFB connections and design the full-scale laboratory test 
specimens. Each connection type was investigated for a loading condition that produced 
responses dominated by in-plane (in the plane of the floor beam web) behavior. In addition, each 
connection type was investigated for a loading condition that produced responses dominated by   
out-of-plane behavior. The floor beam web thickness and floor beam web depth were varied to 
investigate their effects on stresses in the RFB connections. In addition, different finite element 
mesh densities were studied to investigate the effect of the element mesh on stresses at fatigue 
prone locations in the RFB connections.  
FEA stress results discussed in Chapter 4 and Chapter 5 were compared to the fatigue resistance 
for the appropriate fatigue category from the AASHTO BDS (AASHTO 2016). In particular, the 
FEA stress results are compared with the constant amplitude fatigue limit (CAFL) for the 
appropriate fatigue category. These comparisons were not intended to satisfy the fatigue 
provisions of the AASHTO BDS for a given RFB connection. Instead, the comparisons were 
used to identify conditions under which an RFB connection has the potential for good fatigue 
performance and to design the test program including fixtures, boundary conditions, loading and 
specimens. In this study, the potential for good fatigue performance of an RFB connection is 
indicated when the FEA stress results at fatigue prone locations are near or below the 
corresponding CAFL under the conditions simulated by the FEA model, or under conditions that 
can be achieved with small design changes relative to the conditions simulated by the FEA 
model. In addition, in this study, unlikely potential for good fatigue performance is indicated 
when the FEA stress results significantly exceed the corresponding CAFL for AASHTO Fatigue 
Categories, even when possible design changes are considered. 
Fitted RFB Connection 
The fitted RFB connection was analyzed for various loading conditions and two floor beam 
restraint conditions, namely: (1) independent floor beam, where the floor beams are supported 
only by the edge girders and were not supported or restrained by other members of the bridge 
superstructure; and (2) restrained floor beam, where the floor beams are supported/restrained by 
transverse trusses, as often seen when OSDs are used in major bridge deck replacement projects. 
Under a loading condition intended to cause dominant in-plane behavior of the floor beam web 
with an unrestrained floor beam, large stresses developed at the fillet weld toe of the RFB 
connection on the rib wall at the rib closest to the edge plate girder, where the in-plane shear in 
the floor beam is largest. Increasing the floor beam web depth and thickness were found to 
decrease this stress by reducing the in-plane shear deformation of the floor beam web, showing 
that the web depth and thickness can be increased to reduce this stress and achieve good fatigue 
performance. Under loading intended to cause dominant out-of-plane behavior of the floor beam 
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web with a restrained floor beam, as the live load passes longitudinally along the OSD, from one 
side of the floor beam to the other, a reversal of stress develops at the bottom of the rib where it 
meets the floor beam (at the RFB connection). For the fitted RFB connection and PG model 
geometry that were studied, the stress at the floor beam weld toe at the bottom of the rib was 
above the 10 ksi CAFL for AASHTO Fatigue Category C, showing that a fitted RFB connection 
used with a restrained floor beam is unlikely to have good fatigue performance for out-of-plane 
loading unless the floor beam web depth is increased to increase the out-of-plane flexibility of 
the web.  
Extended Cut-out RFB Connection 
Two types of extended cut-out RFB connections were studied. One extended cut-out RFB 
connection had wrap-around fillet welds at perpendicular cut-out terminations on the rib wall, 
without internal stiffening. The second extended cut-out RFB connection had ground smooth 
tangential terminations of the cut-out on the rib wall. Extended cut-out RFB connections with 
internal stiffening were not studied, since this detail is considered to be unsuitable for automated 
fabrication. Under in-plane loading with an independent floor beam, the stress at the weld toe of 
the wrap-around fillet weld at the cut-out termination on the rib wall from FEA was much greater 
than the 10 ksi CAFL for AASHTO Fatigue Category C. Under in-plane loading with an 
independent floor beam, the stress normal to the weld of the ground smooth tangential 
termination was less than the 24 ksi CAFL for AASHTO Fatigue Category A. The use of a 
restrained floor beam significantly reduced the stress at the edge of the cut-out of the extended 
cut-out RFB connection, but the stress at the weld toe of the wrap-around fillet weld at the cut-
out termination on the rib wall remained much greater than the 10 ksi CAFL for AASHTO 
Fatigue Category C. Therefore, based on the FEA results, the wrap-around fillet weld at the cut-
out termination was considered unlikely to have good fatigue performance and was not selected 
for experimental testing. Based on the FEA results, the ground smooth tangential termination of 
the cut-out was likely to have good fatigue performance but this detail is considered to be 
unsuitable for automated fabrication and was not selected for experimental testing. 
Slit RFB Connection 
The slit RFB connection was analyzed for various loading conditions, the two floor beam 
restraint conditions and seven slit geometries. As noted in Chapter 2, the slit RFB connection has 
a stress relieving cut-out in the floor beam web below the rib, however, unlike the extended cut-
out RFB connection, the slit cut-out is located entirely within the floor beam web and does not 
terminate on the rib wall. As a result, since the slit cut-out is independent of the RFB connection 
weld, the slit RFB connection enables a continuous (i.e., un-interrupted) RFB connection fillet 
weld to be made. Therefore, the slit RFB connection is a good candidate for automated 
fabrication. 
When an independent floor beam is used and the floor beam is under largely in-plane loading, 
FEA shows that large tensile stresses develop at the edge of the slit at locations in the floor beam 
where the floor beam shear is large. The effect of increasing the floor beam web depth and 
thickness was studied using FEA and it was shown that increasing the web depth or thickness is 
unlikely to reduce the stresses at the edge of the slit below the 24 ksi CAFL for AASHTO 
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Fatigue Category A. Therefore, the slit RFB connection does not appear to be appropriate for use 
with an independent floor beam. 
The slit RFB connection with a restrained floor beam, was analyzed for various loading 
conditions. The use of a restrained floor beam was found to significantly reduce the floor beam 
shear, relative to an unrestrained floor beam, resulting in a corresponding reduction in stresses at 
the edge of the slit. For a slit RFB connection at a location with a modest level of floor beam 
shear, the largest tensile stresses at the slit edge were less than the 24 ksi CAFL for AASHTO 
Fatigue Category A. Therefore, the slit RFB connection appears to be appropriate for use with a 
restrained floor beam. 
Further FEA of the slit RFB connection with a restrained floor beam was performed to determine 
the (longitudinal) loading position along the length of the bridge that maximizes the stresses in 
the floor beam web from largely out-of-plane loading of the floor beam web. It was found that 
the out-of-plane loading did not produce stresses that exceed those from in-plane loading. 
Design and Fabrication of Full-Scale Test Specimens 
Four full-scale test specimens, two with fitted RFB connections and two with slit RFB 
connections were design and fabricated. These RFB connection types were selected because they 
appeared to be amenable to automated fabrication, and, based on FEA, were expected to exhibit 
good fatigue performance. In addition, full-scale testing of the slit RFB connection had not been 
previously performed. Four test specimens were fabricated to permit two simultaneous tests to be 
performed for each type of RFB connection. The specimens were designed to accommodate a 
number of constraints such as laboratory conditions, cost, immediate fabricator capabilities, and 
schedule. The specimens were not designed for use in a specific bridge application.  
Each of the test specimens consisted of a deck plate, four cold-bent ribs, a floor beam and an 
edge plate girder. The as-fabricated profile of the rib-deck panel was measured by a laser tracker. 
The scanned profile was imported into a plasma cutting machine to cut the floor beam web plate 
to fit the as-fabricated profile of the rib-deck panel. A modest level of manual grinding of the 
web plate cut-outs was required to create tight fit between the rib and floor beam web plate. With 
a sufficiently accurate cutting method, such as CNC milling, grinding is not expected to be 
needed to ensure tight fit. For the two slit RFB connection rib-deck-floor beam panels, the RFB 
fillet welds were welded manually. For the two fitted RFB connection rib-deck-floor beam 
panels, the RFB welds were successfully welded automatically (i.e., with robotic welding).  
The two fitted RFB connection test specimens were designed to be tested under: (1) in-plane 
loading with an independent floor beam, and (2) out-of-plane loading with a restrained floor 
beam. The two slit RFB connection specimens were designed to be tested under: (1) in-plane 
loading with a restrained floor beam, and (2) out-of-plane loading with a restrained floor beam. 
Full-Scale Specimen Testing 
Slit RFB Connection Specimens 
The two slit RFB connection specimens with restrained floor beams were subjected to three 
different phases of static out-of-plane loading. When subjected to out-of-plane loading with rib 
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rotations at least 40% larger than rib rotations observed in the PG model from FEA, the tensile 
stresses at the floor beam fillet weld toes were significantly less than the 10 ksi CAFL for 
AASHTO Fatigue Category C, while the stresses at the rib wall fillet weld toes were 
compressive. The stresses at the slit edges were more sensitive to the magnitude of the rib wall 
shear reaction transmitted to the floor beam, than the rib rotation. Based on the stress results 
from static out-of-plane loading, it was concluded that the slit RFB connection would exhibit 
good fatigue performance without fatigue cracking under cyclic loading fatigue testing, so cyclic 
out-of-plane loading was not performed on these specimens.  
The two slit RFB connection specimens were subjected to two different phases of fatigue testing 
under cyclic in-plane loading. The two phases of testing were planned to ensure that stress 
responses around the slit RFB connections of the four ribs of each specimen were maximized 
under in-plane loading, resulting in multiple fatigue prone locations in the specimens. The 
magnitudes of the measured compressive stresses at the edges of the slits were greater than the 
24 ksi CAFL for AASHTO Fatigue Category A, but fatigue cracks were not observed during or 
after the fatigue testing.  
Fitted RFB Connection Specimens 
The two fitted RFB connection specimens with independent floor beams were subjected to 
fatigue testing under cyclic in-plane loading. For the in-plane loading, the applied load was 25% 
greater than the AASHTO Fatigue I load combination total factored tandem axle load for OSDs 
(AASHTO 2016). This increased live load range was selected to generate stress levels likely to 
cause fatigue cracking for research purposes. Fatigue cracks were identified in both specimens 
after approximately 2 million cycles. The cracks were located in the RFB connection fillet welds 
of both Rib 1 and Rib 2 at angular measures between 15 and 40 degrees from the rib center and 
were oriented at an angle to the weld axis. Fractographic examination of these cracks indicated 
that they initiated from the root of these fillet welds.   
These root cracks were not expected based on the initial FEA of the fitted RFB test specimens 
under in-plane loading. Further assessment of the stress conditions, considering only normal 
stresses, showed that weld toe cracking was expected, but that weld root cracking was not 
expected at the locations where it was observed. A main finding from this work is that predicting 
the weld root cracking observed in the fitted RFB test specimens under in-plane loading using 
only normal stresses from FEA models and fatigue resistance from corresponding AASHTO 
fatigue categories (AASHTO 2016) is ineffective. The reason appears to be that shear stress 
within the fillet welds is driving these root cracks and should be included in the fatigue 
assessment, since the fatigue crack planes are skewed from the weld axis. Root cracks driven by 
normal stress, that is, cracks propagating in planes perpendicular to the weld axis or cracks 
propagating in the weld throat, were not observed in the fitted RFB connection test specimens.  
When shear stress was included in a fatigue damage assessment using Eurocode 3 (Eurocode 
2006) or DNV-RP-C203 (DNV 2011) provisions a better prediction of the observed fillet weld 
root cracks was obtained. However, this improved weld root crack prediction still includes some 
inaccuracies in the expected locations of the root cracking. A main finding from this work is that 
including shear stress is necessary to predict the observed filled weld root cracks, but simple 
assessments using fatigue categories for both shear stress and normal stress from Eurocode 3 
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(Eurocode 2006) and DNV-RP-C203 (DNV 2011) are inadequate to accurately predict the 
occurrence and location of the fillet weld root cracks observed in the fitted RFB connection test 
specimens. Further work is needed to develop a fatigue damage assessment including shear stress 
that more accurately predicts the fillet weld root cracks observed in the fitted RFB connection 
test specimens.  
Finally, the fatigue assessment results for the fitted RFB test specimens under in-plane loading 
showed that using an extrapolated local structural stress (LSS) to assess the fatigue life for weld 
toe cracking was conservative, since toe cracking did not occur, but was expected. 
The two fitted RFB connection specimens with restrained floor beams were subjected to fatigue 
testing under cyclic out-of-plane loading. The applied loading for one specimen generated rib 
rotations similar to the rib rotations from the PG model; while the applied loading for the other 
specimen generated rib rotations which were 25% larger than the rib rotations from the PG 
model. Each of the fitted RFB connection test specimens were tested beyond the upper bound 
fatigue life under out-of-plane loading. Although the FEA results showed that with a restrained 
floor beam, the fitted RFB connection was unlikely to have good fatigue performance under out-
of-plane loading, the results from testing the fitted RFB connection test specimens under out-of-
plane loading indicate that restrained floor beams with fitted RFB connections may have good 
fatigue performance. Locating the weld stops in the fitted RFB connection fillet welds at the rib 
bottom (top of the ribs during welding) did not appear to have a detrimental effect on the 
observed fatigue performance of the test specimens under out-of-plane loading. 
Finally, after fatigue testing under cyclic in-plane and out-of-plane loading was completed, 
samples from the fillet welds of the RFB connections of Rib 3 in Panel D, Rib 1 in Panel D, and  
Rib 1 in Panel C were removed to enable the weld conditions to be accurately observed and 
measured. Analysis of measurements from macro-etch cross-section samples from these fillet 
welds show that the robotic welding process that was used produced good quality fillet welds for 
these fitted RFB connections. 
 
CONCLUSIONS 
The following conclusions are based on the research presented in this report: 
1. Automated fabrication techniques including laser measurements, match cutting of floor 
beam webs, and robotic welding were used successfully to fabricate the test specimens 
and are promising techniques for improving the manufacturability of OSDs. 
2. Match cutting the floor beam web plates to fit the as-fabricated profile of the rib-deck 
panel at the locations of the floor beams, based on measurements from a laser tracker, 
was shown to be an effective process for creating tight fit between the floor beam web 
plates and ribs, without significant manual grinding of the floor beam web plates. 
3. Robotic welding was shown to be an effective process for making fillet welded RFB 
connections of the floor beam web to the assembled rib-deck panel in the inverted 
position (i.e., deck surface down, rib bottom up) without rotating the panel, including 
welding in the 3F position (i.e., upward, opposite the direction of gravity). 
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4. Robotic welding and other automated fabrication techniques to improve OSD 
manufacturability can be easily applied to slit RFB connections, since the slit cut-out is 
located entirely within the floor beam web, which enables a continuous RFB connection 
fillet weld to be made. 
5. FEA studies showed that stress results are sensitive to the element size and corresponding 
mesh density, and the mesh density should be considered carefully when using FEA 
stress results to assess an RFB connection. 
6. Based on FEA of the PG model and laboratory testing under static and cyclic loading, the 
slit RFB connection with a restrained floor beam demonstrated good fatigue performance. 
This RFB connection type appears to be well-suited for deck replacement applications.  
7. FEA of the PG model shows that large stresses may develop on the slit edge of the slit 
RFB connection with an independent floor beam. Thus, the slit RFB connection does not 
appear to be appropriate for use with an independent floor beam, unless a significantly 
increased floor beam web thickness and/or depth can be used to decrease these stresses. 
The slit RFB connection does not appear to be well-suited for typical new construction 
applications. 
8. An advantage of the slit RFB connection, compared to other RFB connections where 
fatigue performance is controlled by welded details, is that the fatigue performance of the 
slit RFB connection can be improved by simple increases in the floor beam web thickness 
and/or depth to decrease the slit edge stresses.  
9. For the fitted RFB connection test specimens, fatigue assessment of the fillet weld root 
using only normal stresses from FEA indicated that weld root cracking was not expected 
at the locations where root cracking was observed in the laboratory tests; however, fillet 
weld toe cracking was expected, but was not observed. Predicting this weld root cracking 
using only normal stresses was ineffective. However, using an extrapolated local 
structural stress (LSS) to assess the fatigue life for weld toe cracking appears to be 
conservative. 
10. Including shear stress in a fatigue damage assessment of the fitted RFB connection test 
specimens provided a better prediction of the observed fillet weld root cracking, although 
some inaccuracies in the expected locations of the root cracking remained. Further work 
is needed to develop a fatigue damage assessment including shear stress that more 
accurately predicts the fillet weld root cracking observed in the fitted RFB connection 
test specimens. 
11. Based on FEA of the PG model, the fitted RFB connection with a restrained floor beam 
appeared unlikely to have good fatigue performance for out-of-plane loading unless the 
out-of-plane flexibility of the web was increased, however, based on laboratory testing 
under cyclic out-of-plane loading, the fitted RFB connection with a restrained floor beam 
demonstrated good fatigue performance. 
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RECOMMENDATIONS 
The following recommendations are based on the research presented in this report: 
1. Laser measurements of the as-fabricated rib-deck panel profile at the locations of the 
floor beams and automated match cutting of the floor beam web plates to the as-
fabricated profile should be implemented in OSD fabrication to improve the fit-up of the 
floor beam webs to the ribs, and to minimize manual grinding. 
2. The fitted RFB connection type should be considered as a preferred design option for 
OSDs in typical new bridges due to its potential for automated fabrication and for good 
fatigue performance. 
3. For OSDs for deck replacement applications, where the floor beams of the OSD may be 
restrained by the existing superstructure, the slit RFB connection type should be 
considered as a design option due to its potential for automated fabrication and for good 
fatigue performance.  
 
FUTURE WORK 
As automated fabrication methods continue to advance, further opportunities to automate the 
fabrication process for OSDs should be investigated, for example, the possibility of continuous 
robotic fillet welding of RFB connections should be investigated. 
The fitted RFB connection and the slit RFB connection should be investigated using FEA or 
laboratory testing to understand the effects of using different rib shapes and slit geometries on 
stresses at fatigue prone locations in these connections.  
Further research on fillet-welded fitted RFB connections should be performed to understand the 
stress demands and fatigue resistance for weld root cracking. 
For fillet-welded fitted RFB connections, an assessment approach using FEA to predict the 
potential for weld root cracking should be developed. 
The slit RFB connection was subjected to fatigue testing at full scale, and demonstrated good 
fatigue performance under multiple loading conditions that simulated significant RFB connection 
stress conditions. Future research should investigate other loading conditions and restraint 
conditions. The slit RFB connection should be tested to fatigue failure, to establish the fatigue 
resistance of the slit edge with various edge surface conditions. 
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 APPENDIX – LITERATURE REVIEW 
  
A-2 
INTRODUCTION 
A literature search was performed in the areas of OSD fabrication and design. More than 
30publications from domestic and foreign sources are summarized here. These publications 
cover a wide range of issues related to orthotropic steel decks, including the rib-to-floor beam 
(RFB) and rib-to-deck plate (RDP) connections. Additional topics covered include deck design, 
geometry, and fabrication; experimental and analytical evaluation of fatigue resistance; welding 
processes and automation; and wearing surface performance. Key findings are summarized in 
this appendix. 
LITERATURE REVIEW OVERVIEW 
A preliminary search found more than 30 publications on OSD from domestic and foreign 
sources. These publications cover a wide range of topics including but not limited to: 
1. Past fabrication, design, and erection techniques of OSDs and their connections 
2. Evaluation of in-service performance and fatigue assessment of OSD connections 
3. Experimental and analytical evaluation of fatigue performance 
4. Welding processes and their use in automated/robotic welding applications specific to OSDs 
5. Automated fabrication techniques used in OSDs 
6. Current industry fabrication practice, tolerances, and control 
The relevant literature, compiled from the publications that included the topics of primary 
interest, was reviewed and the findings are summarized below. 
Information on the existing OSDs in North America (both in the United States and Canada) 
including the key dimensions of the decks, types of connections (both RDP and RFB), year of 
construction, and any published information related to their in-service performance is tabulated 
in Table A-1 through Table A-4. 
Most of the early OSDs in North America, built from the 1960s to mid-1970s, incorporated fitted 
RFB connections with continuous ribs passing through the floor beams. Some information 
outlining the fabrication effort and tolerances for these RFB connections are available for the 
Port Mann Bridge (Smylie 1966), the Concordia Bridge (Gill 1966), and the Mission Bridge 
(Manniche 1975). After the mid-1970s, some North American OSDs were detailed with an 
extended cut-out in the floor beam below the rib. This change in the RFB connection may have 
originated in Europe (Haibach 1983, Lehrke 1990) due to significant cracking experienced at 
RFB connections with discontinuous ribs fillet-welded to floor beam webs without cutouts 
(Nunn 1974a, Nunn 1974b, Cuninghame 1987). To date however, fatigue cracking of OSDs with 
fitted RFB connections in North America has not been reported in the literature. 
Based on a review of the tabulation of existing OSDs in North America, the RFB connections 
were categorized into five types as shown in Figure A-1 through Figure A-6. The naming 
convention for these RFB connection types is used for this literature review only. In this naming 
convention, the rib profile is denoted by an alphabetical suffix, where “A” denotes a trapezoidal 
rib, and “B” denotes a round-bottom rib. RFB connection Type 1 shown in Figure A-1 and 
Figure A-2 is the fully-fitted RFB connection, where the rib passes continuously through a 
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matching cut-out in the floor beam web, without an extended cut-out below the rib and without 
any internal stiffening within the ribs. 
The other RFB connection types (Types 2, 3, 4 and 5) consist of a continuous rib passing through 
the floor beam web with an extended cut-out below the rib, with or without internal stiffening of 
the rib. The Type 2 connection (Figure A-3) has a shallow, oblong-shaped extended cut-out with 
tangential termination on the rib wall and a partial depth bulkhead plate inside the rib. This 
connection was used in the replacement deck for the Williamsburg Bridge (Kaczinski, et al. 
1997). The Type 3 connection (Figure A-4) has a deep, rectangular-shaped extended cut-out with 
tangential termination on the rib wall and internal stiffeners in the rib, and was used in the 
replacement deck of the Bronx-Whitestone Bridge (Tsakopoulos and Fisher 2005). The Type 4 
connection (Figure A-5) has a crescent-shaped extended cut-out with a larger upper radius that 
terminates tangentially on the rib wall. This connection was used in the replacement deck for the 
Verrazano Narrows Bridge (Roy, Alapati, et al. 2012a, Roy, Manandhar and Molina 2012b) and 
in the deck of the self-anchored suspension span of the San Francisco-Oakland Bay Bridge 
(Nader and Baker 2013). Two variations of the Type 4 connection, with (Figure A-5) or without 
a full depth bulkhead plate inside the rib, have been implemented. The Type 5 connection 
(Figure A-6) has an extended cut-out that is geometrically similar to the Type 4 connection, but 
it contains a crescent-shaped extended cut-out defined by multiple arcs with different radii. The 
arc adjacent to the rib, however, is of smaller radius and does not terminate tangentially on the 
rib wall; rather the termination of the cut-out is parallel to and a small distance from the rib wall 
creating a small tab with square-ended termination on the rib wall. The Type 5 connection was 
used in the Champlain Bridge (Wolchuk 1992). A variation of the Type 5 connection with 
internal stiffeners was used in the Tokyo Gate Bridge in Japan (Miki and Suganuma 2014).  
When an extended cut-out is used in the RFB connection, internal bulkhead plates or stiffeners 
may be required to prevent longitudinal cracking of the rib wall at the cut-out termination, which 
may arise due to out-of-plane bending of the rib wall and/or torsional deformation of the ribs 
(Grundy, Burkitt and Stevens 1994). The need for accurate alignment of the internal stiffening 
element with respect to the floor beam web, however, reduces manufacturability. In addition, the 
internal stiffening plate-to-rib wall connection detail can be highly fatigue sensitive depending 
on the plate thickness and magnitude of shear forces transferred, and may require CJP or PJP 
welds. When an extended cut-out with tangential termination on the rib wall is used in the RFB 
connection (as in the Type 2, 3, and 4 connections), the details typically involve a CJP weld 
transitioning to a fillet weld or PJP weld, as shown in Figure A-3, Figure A-4, and Figure A-5. 
This detail was developed from extensive full-scale laboratory fatigue tests for the Williamsburg 
Bridge replacement OSD (Tsakopoulos and Fisher 2003). This type of extended cut-out often 
involves complex geometry, requiring significant manual grinding. In addition, the CJP weld 
requires joint preparation and non-destructive inspections making it labor intensive and unfit for 
automated fabrication. Alternatively, a simpler cut-out geometry without the tangential 
termination on the rib wall and with fillet welds or PJP welds wrapped around the termination (as 
in the Type 5 connection, shown in Figure A-6) could provide adequate fatigue performance and 
could improve manufacturability.  
When there is no extended cut-out below the rib and the floor beam cut-out is fully fitted to the 
rib, the RFB connection often utilizes fillet welds. The fit-up gap between the ribs and the floor 
beam web should be controlled to avoid an excessively large gap which may decrease the fatigue 
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resistance of fillet welds. In the typical fabrication process, the ribs are welded to the deck plate 
before fitting the floor beams to an assembled rib-deck panel. Due to variability in the locations 
and profiles of the ribs in the assembled rib-deck panel, match-cutting the floor beam web to the 
assembled rib-deck panel and/or grinding the floor beam web to the assembled rib-deck panel, is 
often required.  
The current manual and automated welding processes used for the various welded connections of 
OSDs were reviewed (Verma 2001, Connor et al. 2012). Information on automated fabrication of 
OSDs in the literature, specifically the RFB connection, is limited. The majority of the published 
information focuses on automation of the RDP weld (Verma 2001), however, some early 
literature discusses manual fabrication of the fitted RFB connection (Smylie 1966, Gill 1966, 
Manniche 1975). No information was found on automated welding of the RFB connection. Gas 
metal arc welding (GMAW) or metal inert gas (MIG) welding, submerged arc welding (SAW), 
and flux-cored arc welding (FCAW) processes can be automated or semi-automated processes. 
Application parameters for these processes were reviewed (Linnert 1994). GMAW and FCAW 
are typically used for robotic welding. 
Automated welding of fitted RFB connections may need to be performed in the 3F position (i.e., 
with the rib-deck panel in the inverted position) for improved manufacturability by limiting the 
repositioning of the rib-deck panel during fabrication. The primary issues from welding in the 3F 
position are the possibilities of welding with and against gravity and the associated welding 
processes and parameters. Fabrication parameters to be considered include the possibility of 
continuous welding of the RFB connections, simultaneous welding of the RFB connections from 
both sides of the connection, welding with and/or against gravity, weld wire type, fit-up 
tolerance, and joint configuration. 
Significant literature from overseas sources on laboratory fatigue testing of various RFB 
connections is available, however, some of the test results are not useful for the present study, for 
example, fatigue testing of smaller-scale specimens or specimens with unique geometry (Beales 
1990a, Beales 1990b, Lehrke 1990, Kolstein 2007). 
Significant literature on domestic full-size laboratory fatigue testing of RFB connections is 
available (Kaczinski, et al. 1997, Tsakopoulos and Fisher 2003, Tsakopoulos and Fisher 2005, 
Roy, Alapati, et al. 2012a, Roy, Manandhar and Molina 2012b). In all of these test specimens, 
the ribs were continuous at the RFB connection, and the connection had an extended cut-out in 
the floor beam under the rib. The RFB connections of these test specimens comprised a fillet 
weld or PJP weld transitioning to a CJP weld at the cut-out termination on the rib wall as well as 
a bulkhead or an internal stiffener inside the rib. FHWA (Connor et al. 2012) recommends that 
internal bulkheads should be avoided where possible, since they are expensive to fabricate, are 
not easily inspected, and may induce secondary stresses if not properly aligned with the floor 
beam webs. Although not explicitly reported in the literature, fabrication of these RFB 
connections required significant effort for: (1) joint preparation, (2) CJP welds near the cut-out 
transition, (3) non-destructive inspection, and (4) grinding of the cut-out to the desired geometry 
(before and after welding).  
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Additionally, literature on domestic full-size laboratory fatigue testing of OSD with fitted RFB 
connections (without an extended cut-out below the rib) is available (Roy et al. 2014, Roy et al. 
2016).  
More detailed reviews of selected, relevant studies from the literature are provided in the 
following sections. 
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Table A-1. North American orthotropic decks. 
No. 
Min. DP 
Thickness 
(inches) 
Rib 
Radius 
(inches) 
Rib 
Bottom 
Width 
(inches) 
Rib 
Thickness 
(inches) 
Rib 
Depth 
(inches) 
Rib 
Width 
(inches) 
Rib 
Spacing 
(inches) 
FB Web 
Thickness 
(inches) 
FB 
Max. 
Depth 
(inches) 
FB 
Spacing 
(inches) 
RFB 
Weld 
Type 
RDP 
Weld 
Type 
Detail 
1 7/16 
N/A N/A 5/16 10 12 24 
5/16 42 75 Fillet Fillet 
 
2 3/8 
1 1/2 6 
1/4 8 1/2 12 24 
7/16 24 180 N/A N/A 
 
3 7/16 
1 1/2 6 
5/16 8 1/2 12 24 
7/16 25 11/16 180 N/A N/A 
 
4 7/16 
4 1/4 N/A 
5/16 13 12 24 
5/16 30 180 Fillet 
90% 
PJP 
 
5 9/16 
1/2 6 1/2 
5/16 10 13 26 
3/8 33 180 
3/16 
Fillet 
80% 
PJP 
 
6 3/8 
1 3/4 6 
1/4 9 12 24 
3/8 39 180 Fillet PJP 
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Table A-2. North American orthotropic decks (continued). 
No. 
Min. DP 
Thickness 
(inches) 
Rib 
Radius 
(inches) 
Rib 
Bottom 
Width 
(inches) 
Rib 
Thickness 
(inches) 
Rib 
Depth 
(inches) 
Rib 
Width 
(inches) 
Rib 
Spacing 
(inches) 
FB Web 
Thickness 
(inches) 
FB 
Max. 
Depth 
(inches) 
FB 
Spacing 
(inches) 
RFB 
Weld 
Type 
RDP 
Weld 
Type 
Detail 
7 N/A N/A N/A N/A N/A N/A N/A N/A N/A 180 N/A N/A 
 
8 3/8 3 1/2 N/A 
1/4 11 12 24 
5/16   21 190 
1/4  
90% 
PJP 
 
9 1/2 1 1/2 6 1/2 
5/16   11 13 26 
3/8 36 180 Fillet 
80% 
PJP 
 
10 3/8 1 1/2 6 
1/4 8 12 24 
3/8 24 132 
20% 
PJP 
Fillet 
 
11 1/2 1 1/2 6 
5/16   12 12 24 
7/16   50 
9/16    134 1/2 
5/16  
Fillet 
80% 
PJP 
 
12 1/2 3 1/2 N/A 
5/16   11 12 24 
7/8 36 144 
3/16  
Fillet 
80% 
PJP 
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Table A-3. North American orthotropic decks (continued). 
No. 
Min. DP 
Thickness 
(inches) 
Rib 
Radius 
(inches) 
Rib 
Bottom 
Width 
(inches) 
Rib 
Thickness 
(inches) 
Rib 
Depth 
(inches) 
Rib 
Width 
(inches) 
Rib 
Spacing 
(inches) 
FB Web 
Thickness 
(inches) 
FB 
Max. 
Depth 
(inches) 
FB 
Spacing 
(inches) 
RFB 
Weld 
Type 
RDP 
Weld 
Type 
Detail 
13 N/A 1 1/2 6 1/2 
3/8 8 11 1/2 34 
5/16 30 N/A 
1/4 
PJP or 
Fillet 
 
14 1/2 N/A N/A 
5/16 9 12 24 
3/8 N/A N/A N/A 
90% 
PJP 
 
15 1/2 1 1/2 6 1/2 
7/16 12 14 25 1/2 
3/8 27 240 
1/4 
Fillet 
80% 
PJP 
 
16 7/16 1 1/2 6 1/2 
5/16 9 12 24 
3/8 44 7/8 172 
5/16 
Fillet 
80% 
PJP 
 
17 5/8 1 1/2 6 
3/8 11 14 28 1/2 
1/2 12 300 Fillet 
80% 
PJP 
 
18 1 N/A 10 7/16 12 19 1/8 38 1/8 N/A N/A 246 N/A N/A 
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Table A-4. North American orthotropic decks (continued). 
No. 
Min. DP 
Thickness 
(inches) 
Rib 
Radius 
(inches) 
Rib 
Bottom 
Width 
(inches) 
Rib 
Thickness 
(inches) 
Rib 
Depth 
(inches) 
Rib 
Width 
(inches) 
Rib 
Spacing 
(inches) 
FB Web 
Thickness 
(inches) 
FB 
Max. 
Depth 
(inches) 
FB 
Spacing 
(inches) 
RFB 
Weld 
Type 
RDP 
Weld 
Type 
Detail 
19 5/8 N/A 8 
5/16 15 13 25 3/4 N/A N/A 384 N/A 
80% 
PJP 
 
20 5/8 N/A N/A N/A N/A 14 26 
3/4 88 3/8 N/A N/A 
80% 
PJP 
 
21 5/8 N/A 6 
3/8 11 14 28 1/2 
1/2 N/A 120 
Fillet 
and 
CJP 
80% 
PJP 
 
22 5/8 1 1/2 6 
7/16 7 3/8 11 20 5/8 
3/4 22 204 
Fillet 
and 
CJP 
80% 
PJP 
 
23 9/16 N/A N/A 
5/16 N/A 12 24 
3/8 N/A N/A N/A 
90% 
+/-5% 
PJP  
24 5/8 N/A N/A 
5/16 12 14 28 1/2 
1/2 N/A 198 
5/16 
Fillet 
and 
CJP 
80% 
PJP 
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Figure A-1. Illustration. Type 1A rib-to-floor beam connection. 
 
Figure A-2. Illustration. Type 1B rib-to-floor beam connection. 
 
Figure A-3. Illustration. Type 2A rib-to-floor beam connection. 
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Figure A-4. Illustration. Type 3A rib-to-floor beam connection. 
 
Figure A-5. Illustration. Type 4A rib-to-floor beam connection. 
 
Figure A-6. Illustration. Type 5B rib-to-floor beam connection. 
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Connor (2004) 
A finite element parametric study was performed to understand the influence of the extended cut-
out geometry on stresses at the RFB connection and to suggest improvements to the connection. 
The extended cut-out parameters included the clearance between the rib and the extended cut-
out, Cb, and the total cut-out height, C (see Figure A-7). Three distinct extended cut-out 
geometries, generalized as resulting in “flexible” or “stiff” connections, were considered. A 
flexible connection has significant clearance between the rib wall and extended cut-out, and thus 
provides little restraint to out-of-plane deformation of the web from rib rotation; a stiff 
connection has limited clearance between the rib wall and extended cut-out, and thus provides 
increased restraint against out-of-plane deformation. Two of the extended cut-out geometries 
were categorized as flexible connections and were the RFB connections from the Williamsburg 
and Bronx-Whitestone bridges. These RFB connections are Type 2A (Figure A-3) and Type 3A 
(Figure A-4) connections, respectively. One of the extended cut-out geometries, shown in Figure 
A-8, was categorized as a stiff connection. This RFB connection does not conform to any of the 
connection types defined earlier.  
A variation of the cut-out parameters was applied to each extended cut-out geometry model, all 
of which were derived from a base model that was calibrated with lab and field data. Three 
distinct load cases were considered for each parameter variation. These load cases produced: 
maximum stresses from out-of-plane deformation at the cut-out, a combination of in-plane and 
out-of-plane stresses at the cut-out, and maximum in-plane stresses at the cut-out. A single 
parameter was varied at a time, and the resulting stress values were normalized for comparison. 
The study compared the fatigue-critical stress-range, Sr, normal to the weld toe approximately 
1/4 
inch to 9/32 inch above the cut-out termination (Figure A-7). Similar stress comparisons were not 
performed at the edge of the cut-out (away from the weld toe). Normalized stress values for the 
load case that produced maximum out-of-plane stresses at the cut-out were presented. 
The influence of the lower clearance, Cb, was established with four Cb variations: 
1/2 inch, 1 inch, 
1 1/2 inches, and 2 1/2 inches. Comparison of the normalized stress values for each connection 
type demonstrated that the in-plane stress increased as Cb increased, while out-of-plane stress 
decreased. The total maximum stress steadily increased with increased Cb largely as a result of 
in-plane stresses. These observations were true for all three connections. Overall, the RFB 
connection Type 3A resulted in the lowest stress at the cut-out termination while the stiff 
connection resulted in the highest. 
The influence of the total cut-out height, C, was established by varying C from 4 1/2 inches to 9 
inches. It is important to note that the minimum total cut-out height, 1/3 the rib depth, permitted 
by the AASHTO BDS was not violated (AASHTO 2016). Varying C demonstrated that the in-
plane stress steadily increased as C increased while the out-of-plane stress significantly 
decreased. The total maximum stress increased as C increased, even considering the load case 
producing the maximum out-of-plane stresses. This trend also was true with increased floor 
beam web thickness. The trends were true for all three connections. Overall, the Type 3A 
connection resulted in the lowest stress at the cut-out termination while the stiff connection 
resulted in the highest. 
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The results demonstrate that increasing dimensions Cb and/or C results in an increase in the total 
stress at the cut-out, regardless of extended cut-out geometry. The Type 3A connection 
consistently had lower stress at the cut-out. The stiff detail consistently had the highest stress at 
the cut-out, due to the increased restraint. 
 
Figure A-7. Illustration. Extended cut-out parameters (adapted from Connor, 2004). 
 
Figure A-8. Illustration. Stiff extended cut-out detail (adapted from Connor, 2004). 
Connor et al. (2012)  
FHWA developed the “Manual for Design, Construction, and Maintenance of Orthotropic Steel 
Deck Bridges” authored by (Connor et al. 2012). This document provides an overview of various 
details for the RFB connection, describes the effort required to fabricate these connections (e.g., 
manual welding and grinding), and suggests potential advantages in using automated fabrication. 
Specifically noted are three options for the RFB connection: (1) a fully-fitted RFB connection, 
with either fillet or PJP welds, (2) an RFB connection with an extended cut-out, with fillet welds, 
and (3) an RFB connection with an extended cut-out, with CJP welds. Substantial detail is 
provided for automated RDP welding procedures, however automated procedures for the RFB 
connection are not provided. 
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Gill and Dozzi (1966), Troitsky (1987) 
The OSD geometry and fabrication processes for the Concordia Bridge (over the St. Lawrence 
River in Montreal) are outlined. This box girder bridge with an OSD was fabricated by the 
Montreal Branch Dominion Bridge Company in 1964. The OSD has round-bottom (U-shaped) 
ribs passing continuously through matching cut-outs in the floor beam web (Type 1B RFB 
connections with fillet welds around the entire rib). The deck plate has a maximum thickness of 
1 inch and a minimum thickness of 7/16 inch. The ribs are spaced at 24 inches, have a 4 
1/4 inches 
bend radius, and are made from 5/16 inch plate. The floor beam web is 
5/16 inch thick and 30 
inches deep. The floor beams are spaced at 180 inches.  
Fabrication of the OSD made extensive use of fixtures developed specifically for the project to 
expedite the fabrication process. Ribs were formed progressively by a specially-designed die and 
press. Initially, shorter rib segments that fit within the press were butt welded together to form 
the required rib segment length; however, a process of progressively forming the ribs from 
lengths of plate longer than the press was successful, and butt welds within the ribs were 
eliminated. The floor beams were made in pairs and the profile was cut using a pantograph 
burning machine. The cutting process allowed the remaining U-shaped pieces cut from the floor 
beam to be used as internal diaphragms for the ribs.  
A fixture with three stations was designed for the fabrication of the OSD panels. At the first 
station, lengths of deck plate were butt-welded from one side using SAW. At the second station, 
the ribs were pneumatically clamped to the deck plate in the inverted position and welded with 
an overhead gantry using an automatic FCAW-G process, achieving 90 percent penetration. At 
the third station, the floor beam was fitted to the assembled rib-deck panel in the inverted 
position. The floor beam was welded to the deck plate and the rounded portion of the RFB 
connection was welded with semi-automatic FCAW-G. The partially-welded panel was then 
rotated to complete the deck plate butt-welds. Lastly, the panel was placed in a horizontal rotator 
and the RFB connection was finished by welding the flat wall of the U-shaped rib to the floor 
beam.  
Haibach and Plasil (1983)  
Fatigue tests were performed to develop S-N curves for different RFB connections in OSDs for 
railway bridges. Testing was performed at the Fraunhofer Institute for Structural Durability, 
Darmstadt and funded by the Federal Ministry of Transport and the German Research 
Foundation. The test program was composed of four test series (A, B, C, D), however test series 
C was the primary focus. The four test series were as follows: Test series A evaluated a single 
RFB connection in bending, Test series B evaluated the butt-welded rib splice-plate connection, 
Test series C evaluated the RFB beam connection, and Test series D evaluated the RDP 
connection. Haibach and Plasil referenced analytical studies performed prior to this test program 
(Research Association for Engineering Application of Iron and Steel 1982), (Technical 
University of Braunschweig 1982), (Pelican 1957), which identified the RFB connection and 
RDP connection to be the most critical, provided the testing conditions for full-scale tests pieces, 
and identified alternate extended cut-out geometries for testing. These analytical studies were not 
available for review.  
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The OSD test specimens had trapezoidal ribs passing continuously through matching cut-outs in 
the floor beam web. Several design assumptions were made for the main superstructure and for 
the geometry of the OSD. The main superstructure was assumed to be a through-truss or plate 
girder railroad bridge supporting a single track. The trapezoidal ribs had a thickness of ¼ inch, 
5/16 inch, or 
3/8 inch, a top width of 12 inches, a bottom width of 5 
5/16 inches, and a height of 10 
13/16 inches. The rib spacing varied from 23 
5/8 inches to 47 
1/2 inches. The floor beam span was 
varied, ranging from 154 inches to 177 inches. 
Test series C included both preliminary and final stages of testing with two forms of RFB 
connections, namely: Form I, with an extended cut-out below the rib; and Form II, without an 
extended cut-out below the rib. Form I was developed for two different cut-out geometries, Form 
I.1 and Form I.2, as shown in Figure A-9 and Figure A-10, respectively. The preliminary 
extended cut-out for Form I.1 followed the trapezoidal shape of the rib and had an upper radius 
of 3/8 inch and lower radius of 2 inches. The preliminary extended cut-out for Form I.2 had a 
rounded bottom with an upper radius of 3/8 inch and lower radius of 4 inches. The final extended 
cut-out for Form I, shown in Figure A-12, had a rounded bottom with an upper radius of ¾ inch 
and a tab of 3/8 inch that offset the termination of the upper radius from the face of the rib wall. 
The critical locations for fatigue were identified via analysis as follows: for Form I, at the outer 
termination of the upper radius, CI.1 in Figure A-12; and for Form II, at the welded radius of the 
trapezoidal rib (Figure A-11).  
During the preliminary stage of testing, seven tests were performed with variations of the RFB 
connection as well as the specimen geometry including rib spacing and floor beam web 
thickness. Tests of the fully fitted Form II RFB connection were terminated early due to cracking 
in the rib originating at the weld toe. It was concluded that the cracking occurred due to large 
local residual stress caused by welding, and since modifications could not be made that would 
alleviate this stress, the tests continued without Form II. Based on the preliminary stage of 
testing, the final Form I was developed by modifying Form I.1 and I.2, increasing the upper 
radius to 3/4 inch and introduced a weld tab which terminates perpendicular to the rib wall. These 
modifications intended to reduce the geometric stress concentration effect of the upper part of the 
cut-out on the stresses at the weld termination. Ultimately, the final extended cut-out geometry of 
Form I prevented the cracking that occurred in Form I.1 and Form I.2.  
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Figure A-9. Illustration. Form I.1 rib-to-floor beam connection: preliminary extended cut-
out (adapted from Haibach and Plasil, 1983). 
 
Figure A-10. Illustration. Form I.2 rib-to-floor beam connection: preliminary extended cut-
out (adapted from Haibach and Plasil, 1983).  
 
Figure A-11. Illustration. Form II rib-to-floor beam connection: fully fitted (adapted from 
Haibach and Plasil, 1983). 
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Figure A-12. Illustration. Form I rib-to-floor beam connection: final extended cut-out 
(adapted from Haibach and Plasil, 1983). 
Hilton and Hardenberg (1964), Smylie (1966)  
The geometry and fabrication of the OSD for the Port Mann Bridge (over the Fraser River in 
Vancouver, Canada) are described. This bridge is a stiffened tied arch bridge with an OSD that 
has round-bottom (U-shaped) ribs passing continuously through matching cut-outs in the floor 
beams. The Type 1B RFB connection is fillet-welded. The bridge was opened to traffic in 1964 
and included the first application of a modern OSD in North America. The deck plate has a 
minimum thickness of 7/16 inch and a maximum thickness of 
1/2 inch. The round-bottom ribs are 
5/16 inch thick and spaced at 24 inches. The floor beam web is 
5/16 inch thick and 42 inches deep 
at mid span, and the floor beam bottom flange is 5/8 inch thick and 12 inches wide. The floor 
beams are spaced at 75 inches. These dimensions are of interest to this project for developing the 
table of North American orthotropic bridge decks. 
The fabricator, Dominion Bridge Company of Vancouver, adopted a number of innovative and 
automated fabrication techniques. Some examples include plate-material flame cutting (burning) 
with overhead gantry-mounted torches including bevel preparation, rib bending with an 
improvised press brake, cutting of rib openings in the floor beam webs using an overhead gantry-
mounted torch that followed a template, welding of longitudinal deck plate splices using a water 
cooled copper backing bar that was pneumatically held against the deck plate, submerged arc-
welding of the RDP welds in the 2F position using a semi-automatic overhead gantry, pneumatic 
clamping of the ribs to the deck plate during welding using a series of profiled plates, jack fitting 
of the floor beams to the assembled rib-deck plate panel in a specially-designed fixture, and 
continuous welding of the RFB connection fillet welds in the 2F position by standing the 
assembled rib-deck plate panel on its end. Despite a permissible fit-up gap of 1/8 inch for the 
RFB connection, significant difficulty was experienced in fitting the floor beam webs to the ribs 
in many locations. The rib openings in the floor beams were cut to the design profile. However, 
the dimensions of the as-fabricated ribs differed due to shrinkage from welding and variations in 
the rib shape and position within the panel. When the RFB connection fit was too tight, the floor 
beam webs were ground or trimmed (by burning) for proper fit. When the gap between the rib 
and the floor beam web was too large (greater than 5/32 inch), it was filled by manual welding 
with the aid of a backing bar before the final welding of the RFB connection.  
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HNTB (2015) 
Discussion of current fabrication tolerances, practices, and control are included in this document. 
Current tolerances for closed-rib geometry from Eurocode 3 (Eurocode 2006), Japanese Bridge 
Association (JBA 2013) and steel supplier SSAB (SSAB/Ruukki 2015) are shown in Figure 
A-13, adapted from this document.  
An overview of current automated welding processes is also presented. China Railway 
Shanhaiguan Bridge Group employed a number of automated fabrication methods for the 
fabrication of the Hong Kong – Zhuhai – Macao Bridge (Rui 2013). Included in the discussion of 
automated methods are: automatic machining of rib bevels to tolerances of 0.02 inch, cold 
bending of ribs up to 100 feet in length in two 55 foot long break presses, hydraulic positioning 
and hold-down system for ribs to ensure root gaps of less than 0.02 inch and space variation 
between ribs of less than 0.04 inch, automatic tack welding, grinding and dust removal, RDP 
welding in flat position (1G) with the panel tilted, hydraulic clamping for camber control, and a 
robotic welding system with oscillating weld heads and tracking technology with real time 
adjustment based on feedback from voltage changes (tracking variation less than 0.008 inch).  
In the United States, ultrasonic testing and macro-etch testing to verify weld quality and 
penetration have been utilized. Ultrasonic testing is used to assess weld penetration depth to an 
accuracy up to 5 percent of the rib thickness or plus or minus 0.016 inch, or to identify weld 
defects. Macro-etch testing is a form of destructive testing that is performed during the welding 
procedure qualification to establish the weld parameters for production. Typically, a number of 
sections are cut, polished, and etched, and then examined at the beginning of each production 
shift to assess if fabrication can proceed. This practice, however, is time consuming and can 
greatly impact fabrication efficiency. Phased-array ultrasonic testing (PAUT) has been used in 
orthotropic bridge deck fabrication to assess weld penetration and to identify weld defects. Issues 
encountered with PAUT include: slow scanning time, post-processing time that is longer than 
standard ultrasonic testing, high initial cost, and short service life of PAUT transducers.  
Typically, closed ribs for OSDs are cold-bent, which limits rib section lengths to the length of 
the break press, which is typically 40 feet or less in the United States. Longer rib segment 
lengths can be produced using hot-rolling, but hot-rolled ribs require sufficient mill-order 
quantities to be economical, and they are not often used, even in countries with large numbers of 
OSDs in fabrication.  
Current United States specifications limit the fit-up gap between the rib and the deck plate to 
0.02 in, and this limit is often difficult to achieve due to variations in both the geometry of the rib 
and the flatness of the deck. The requirements of Eurocode 3 are much less stringent with a 
maximum permissible fit-up gap of 0.08 inch.  
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Figure A-13. Illustration. Closed rib geometry tolerances (adapted from HNTB, 2015). 
Kolstein (2007)  
A summary of research on orthotropic decks conducted under the European Coal and Steel 
Community (ECSC) mandate, and other research conducted worldwide, is presented, including 
an overview of 147 fatigue tests, conducted between 1961 and 2005, that focused on the RFB 
connection. Most of this past research involved OSD designs that are not relevant to current 
engineering practice, such as OSDs with deck plates less than 1/2 inch thick, V-shaped ribs, and 
ribs that are not continuous through the floor beam webs. Many of the tests were performed to 
evaluate the performance of existing OSDs and to develop suitable retrofit methods for fatigue-
cracked details. Little information is included on the fabrication of RFB connections. Other 
information provided includes insight into issues related to fatigue performance of the RFB 
connection with and without an extended cut-out as well as the impact of fabrication parameters 
such as fit-up gap, joint preparation, welding processes, and degree of weld penetration. 
Additional information included in this document was on previous OSDs with fatigue issues, 
mainly in Europe. Several bridges in France with RDP weld cracks were documented. For 
thinner deck plates, the cracks initiated in the root of the weld and grew into the deck plate. For 
thicker deck plates, cracks initiated at the weld toe in the rib wall. These cracks were associated 
with poor welding and lack of penetration due to lack of rib edge preparation before welding to 
the deck plate. RDP weld cracks from PJP welds with relatively small throat thicknesses (1/8 inch 
to 5/32 inch) were seen in several bridges in the Netherlands. Fatigue cracks were found extending 
from the weld root of RDP welds in the Van Brienenoord Bridge in the Netherlands. The cracks 
propagated through the deck plate. 
In addition, welded rib splices, made with different welding procedures, were investigated. 
Failures of this joint were first observed in the Auckland Harbour Bridge in New Zealand. 
Cracks in fillet welded single lap rib splices were visible in the rib bottom only. Some of these 
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cracks extended around the corners of the rib, while others extended into the deck plate that 
caused the RDP weld to crack along the length of the rib. Cracks were also observed in welded 
rib butt splices with backing bars in various bridges in the Netherlands. These weld cracks were 
attributed to insufficient penetration of the weld.  
Cracks were observed in welds of the RFB connections in the Severn Crossing Bridge in the 
United Kingdom, where the ribs were not continuous through the floor beam webs. The Haseltal 
Bridge in Germany also experienced weld cracks at the fitted RFB connection. The V-shaped 
ribs were not continuous through the floor beam webs. The cracks were repaired by retrofitting 
the ribs with welded end plates, which were then bolted to the floor beam webs. Weld cracks 
were observed in the RFB connection in temporary flyover viaducts in France. Some of these 
bridges had fitted RFB connections, while others had extended cut-out RFB connections. The 
fitted RFB ribs were continuous through the floor beam web cut-outs except in locations where 
the bridges were curved. The extended cut-out RFB ribs were always continuous through the 
floor beam web cut-outs (Mehue 1990). In the fitted RFB connections, cracks were located both 
in the floor beam web and the rib. In the extended cut-out RFB connections, cracks were located 
at the fillet weld toe at the cut-out termination. Multiple fatigue cracks were observed in the 
Maihama Bridge in Japan. The ribs were continuous through the floor beam web with an 
extended cut-out. The extended cut-out RFB connection termination was perpendicular to the rib 
wall with fillet welds wrapped around the termination. Cracks in both the floor beam web and rib 
wall extending from the weld termination of the cut-out were observed. Cracks located at the 
RDP and floor beam-to-deck welds were also observed.  
Lehrke (1990)  
The extended cut-out geometries of a “commonly used” cut-out and a “new” cut-out were 
modeled using FEA and tested to quantify the improvement in fatigue resistance provided by the 
extended cut-out geometry developed by Haibach and Plasil (1983). The “commonly used” 
extended cut-out is similar to the Type 2A connection. However, this extended cut-out 
terminates perpendicularly to the rib wall and there is no internal stiffening within the rib. The 
“new” cut-out is similar to the Type 4A connection, without internal stiffening within the rib. 
Although Lehrke (1990) states the new cut-out shape to be from Haibach and Plasil (1983), the 
upper radius does not end parallel to the rib wall creating a small tab with square-ended 
termination on the rib wall (as in the final Form I extended cut-out shown in Figure A-6). Figures 
in a subsequent publication (in German) by Lehrke depict the new connection with the square-
ended tab, and it is unclear to what extent the square-ended tab was or was not incorporated into 
the finite element analysis and fatigue testing performed by Lehrke (1990). 
A two-dimensional in-plane finite element model of a simply supported floor beam with six ribs 
showed the stress at the edge of the cut-out was over five times larger than the stress in the 
remainder of the web. The stress distribution along the edge of the cut-out for the “commonly 
used” cut-out and “new” cut-out differ in regard to the amount of highly stressed areas, however 
the maximum stress is nearly the same in both cut-outs, as shown in Figure A-14 and Figure 
A-15 for the “commonly used” and “new” cut-out details, respectively. The stress at the 
termination for the “new” cut-out was smaller than for the “commonly used” cut-out. 
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Fatigue testing of specimens with both extended cut-out geometries was performed; Only the 
“new” cut-out developed cracking at the cut-out termination. Both the “commonly used” cut-out 
and the “new” cut-out developed cracks at the free edge of the extended cut-out. These cracks 
developed in the “new” cut-out after the number of load cycles reached three to five times that of 
the “commonly used” cut-out. Although the “new” cut-out exhibited greater fatigue life than the 
“commonly used” cut-out, it is unclear whether it was attributed to the geometry of the cut-out 
since the weld details were not provided. As a result, a specific cut-out geometry could not be 
recommended. Although details of the finite element analyses, fabrication procedures, and 
fatigue testing set up are not provided, the comparison of extended cut-out geometries similar to 
those considered in this study are applicable.  
 
Figure A-14. Illustration. Stress Distribution along the edge of the commonly used cut-out 
(adapted from Lehrke, 1990). 
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Figure A-15. Illustration. Stress distribution along the edge of the new cut-out (adapted 
from Lehrke, 1990). 
Linnert (1994)  
A comprehensive overview of welding processes, issues related to application of these processes, 
and welding parameters are provided. The primary welding parameters that influence weld 
quality include current, wire feed speed, contact-tip-to-work distance, voltage, electrode 
diameter, travel speed, and mode of transfer. Current has the greatest effect on the weld 
penetration. A decrease in current decreases penetration and results in a tall narrow weld bead 
whereas an increase in current increases penetration and results in a proportional weld bead. 
Current that is too high will undercut the base metal and result in a wide, flat irregular weld bead. 
The current is proportional to the wire feed speed (i.e., the rate at which the wire is fed into the 
weld). Lastly, the current is inversely proportional to the contact-tip-to-work distance (CTWD), 
defined as the distance from the tip of the nozzle to the top face of the work piece as shown in 
Figure A-16. 
Voltage affects the shape of the weld. The voltage corresponds to arc length, defined as the 
distance from the tip of the electrode to the top face of the work piece (Figure A-16). The arc 
length creates a cone width (Figure A-16), which is the width of the effective area of the arc. 
Increased arc voltage corresponds with a larger permissible arc length, and therefore an 
accordingly larger cone width.  
The diameter of the electrode will contribute to the penetration of the joint. A smaller diameter 
electrode provides a more concentrated current and thus increases the penetration, however it is 
important to note that an unstable arc results from an electrode that is too small. Conversely, a 
larger diameter electrode will result in less penetration. The travel speed also impacts penetration 
in that a faster speed will provide less penetration than a slower speed.  
There are various modes of transfer available for welding which are applicable to different 
welding processes and work pieces. These modes of transfer characterize how the metal is 
transferred from the electrode to the weld pool and include globular, axial spray, pulsed spray, 
A-23 
and short circuit. Globular transfer is characterized by globules larger than the diameter of the 
electrode travelling along the arc due to gravity. This mode of transfer results in the most spatter, 
as a result of the erratic nature of the large globules. Axial spray transfer is characterized by 
globules equal to or smaller than the diameter of the electrode travelling along the arc, and 
results in less spatter since the globules are small allowing for a stable arc. Pulsed spray transfer 
is characterized by globules equal to or smaller than the electrode diameter travelling along the 
arc as a result of high spray transfer current and low background current. Pulsed spray transfer is 
applicable to thin and thick sections and can be applied to a work piece in all positions. Short 
circuit transfer, also known as “short arc” or “dip transfer”, is characterized by globules bridging 
the arc gap by touching the molten weld pool, thus cycling the arc on and off. Short circuit 
transfer is most applicable to thinner sections and can be applied to a work piece in all positions. 
Of the arc welding processes, gas metal arc welding (GMAW), flux cored arc welding (FCAW), 
and submerged arc welding (SAW) are most applicable to automation. GMAW uses a 
consumable electrode protected by a gaseous shield to deposit filler metal while operating at a 
relatively low heat input. Subcategories of GMAW include short circuit gas metal arc welding 
(GMAW-S) and pulsed gas metal arc welding (GMAW-P). GMAW-S is effective in welding 
thin sections, enables control of penetration to avoid excessive melt through, and can bridge 
large gaps from poor fit-up. Localized lack-of-fusion can occur when applied to thicker sections 
greater than ¼ inch. GMAW-P is versatile and practically eliminates the localized lack-of-fusion 
from GMAW-S. GMAW is desirable for fabrication because it results in less distortion. 
However, the lower heat input can prevent weld metal from melting and fusing to base metal, 
also known as cold lap.  
 
Figure A-16. Illustration. Welding terminology (adapted from Kitner, 2016). 
Manniche and Ward-Hall (1975)  
The geometry and fabrication of the OSD for the Mission Bridge (over the Fraser River just east 
of Vancouver, Canada) are described. The Mission Bridge is a steel box girder highway bridge 
with an OSD. The OSD has round-bottom (U-shaped) ribs passing continuously through 
matching cut-outs in the floor beams webs. The RFB connection is aType 1B fillet-welded Type 
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1B connection with a ½ inch thick deck plate, ribs that are 5/16 inch thick spaced at 24 inches and 
have a 3 1/2 inch bottom radius, and a floor beam web that is 
7/8 inch thick, has a maximum depth 
of 36 inches and a spacing of 144 inches. These dimensions are of interest to this project for 
developing the table of North American orthotropic bridge decks. 
Canron Limited, Western Bridge Division fabricated and erected the structural steel of the 
bridge. Fixtures and equipment for fabrication, particularly for forming and welding the ribs 
were developed for the project. The ribs were formed by bending plate in a framed jig that 
applied pressure to the restricted outer edge of the rib plate and allowed the radius to form freely. 
Welding equipment for the GMAW process and SAW process was on a carriage to allow for 
automatic welding. The ribs were fitted to the deck plate with internal bulkheads near the rib 
section ends to prevent moisture from entering. The RDP weld was specified with a minimum 80 
percent penetration and was performed automatically with the SAW carriage. A sample OSD 
panel was fabricated to accurately demonstrate the deformation and shrinkage experienced 
during welding. The sample panel was then used as a template for flame-cutting the rib-deck 
plate profile into the floor beam webs. A cope was provided in the floor beam web where the rib, 
floor beam web, and deck plate intersect to avoid the intersection of welds. Minimal distortion 
due to welding was observed in the sample panel, and close initial fit-up of the floor beam web 
to the assembled rib-deck plate panel was achieved, which resulted in minimal effort in fitting 
the floor beam web to the rib-deck plate panel.  
Miki and Suganuma (2014)  
Bridges with OSDs in the Metropolitan Expressway in Japan were inspected between 2002 and 
2004. Of the spans with longitudinal ribs and older than 10 years, 86 percent were inspected and 
43 percent experienced fatigue damage. Cracks in welded rib splices, RDP connection welds, the 
deck plate, RFB connection welds, and vertical-stiffener-to-deck-plate welds were all observed. 
The RFB connection cracks developed due to combinations of floor beam bending moment and 
shear forces along with stress concentration effects at the welds. The RDP connection cracks are 
attributed to the local bending of the deck plate (under direct wheel loads) and the resulting stress 
concentrations from the welds. The rib splice welds were typically made with a backing bar, 
which left small defects between the backing bar and the rib wall, which grew into cracks under 
repeated loading. Vertical-stiffener-to-deck-plate weld cracks occurred due to out-of-plane 
deformation of the deck plate under direct wheel loads.  
In addition to the study of the Metropolitan Expressway bridges, finite element analyses and 
fatigue tests were performed as part of the design of the OSD for the Tokyo Gate Bridge. The 
bridge included trapezoidal ribs with an extended cut-out that terminates perpendicular to the rib 
wall and is not ground smooth. Different cut-out terminations, cut-out geometries, termination 
tab lengths, and internal stiffener (within the rib) geometries were studied using FEA. Also, the 
connection length was investigated and categorized by as the distance from the deck to the cut-
out termination along the vertical portion of the rib wall. Three different RFB connection lengths 
were analyzed: a long connection (12 inches); a short connection (5 1/8 inches); and a medium 
connection (8 5/16 inches). The results of the study showed that both long and short RFB 
connection lengths produced smaller rib wall weld toe stresses than the medium length 
connection. To further reduce the rib wall weld toe stress at the RFB cut-out termination, internal 
stiffeners were added.  
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Four different RFB connections with extended cut-outs were fatigue tested. All but one RFB 
connection floor beam cut-out terminated perpendicularly to the rib wall with a fillet weld 
wrapped around the termination. Of the four RFB connections, two had ribs with internal 
stiffeners, and two had ribs without internal stiffeners. Both RFB connections without internal 
stiffeners experienced fatigue cracks while the two RFB connections with internal stiffeners did 
not crack. The fatigue cracks were located at the weld termination of the cut-out and propagated 
into the rib wall. 
Roy et al. (2014) 
The fatigue performance of three Type 1B RFB connections were evaluated using three full-
scale small-size specimens with varied fabrication parameters. The specimens had a single rib 
which was 5/16 inch thick and 6 feet in length. The specimens had a single floor beam, with a web 
thickness of 1/2 inch and a web depth of 36 inches. 
Two of the specimens had fillet-welded RFB connections with target fit-up gaps of 1/32 inch and 
1/16 inch, to investigate the fabrication effort and corresponding fatigue performance. The third 
specimen had an RFB connection with a PJP weld, with a larger target fit-up gap of 1/8 inch. The 
fabricator of the specimens, High Steel Structures Inc. of Lancaster, PA, reported that the effort 
required to fit the floor beam web to the rib-deck panel of the fillet welded specimens with 1/32 
inch and 1/16 inch fit-up gaps was about eight and four times the effort required for the PJP 
welded specimen, respectively, including the joint preparation effort required for the PJP welds. 
The increased effort was due primarily to the grinding the floor beam web required to achieve 
the specified fit-up gap for the fillet-welded connections. After fatigue testing, a destructive 
evaluation showed that cracks developed from the weld root, and other modes of fatigue crack 
growth were suppressed.  
Roy et al. (2015), Mukherjee (2016) 
After the experimental work outlined in Roy et al. (2014), the fatigue resistance of a full-scale 
large-size OSD specimen including five ribs and three floor beams was evaluated. The ribs, floor 
beams, and Type 1B RFB connections were similar to those described in Roy et al. (2014). The 
RFB connections were fillet-welded with a target fit-up gap of 1/16 inch. The rib-openings in the 
floor beam webs were match-cut to the as-fabricated rib-deck plate panel (after the ribs were 
welded to the deck plate), which reduced the effort to fit the floor beam webs to the rib-deck 
plate panel. Similar to the Port Mann Bridge, the floor beams were welded to the ribs in the 2F 
position, with the deck panel standing vertically on the ends of the ribs. The setup for the fatigue 
tests was designed using finite element analysis to develop appropriate boundary conditions for 
the specimen. The specimen was fatigue tested under simulated AASHTO BDS rear tandem axle 
loading for eight million cycles, without any detectable fatigue cracking. 
Ryuh and Pennock (2006) 
General guidelines are provided for selecting robotic automation systems. Considerations for 
robotic welding include: work envelope, reach of robot tip, number of joints, travel velocity, 
repeatability, accuracy, and resolution of motion. In general, a robotic welding station is 
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comprised of a robot, robot controller, welding equipment, work clamp and motion devices, 
sensors, and safety devices. 
The welding torch of the robot (attached to its wrist) moves along the pre-programmed path in a 
specified orientation. Important orientation angles include travel angle (angle between the 
electrode axis and the vertical axis perpendicular to the work piece, Figure A-17) and work angle 
(angle between the travel plane and the horizontal axis of the work piece, Figure A-18). These 
angles impact weld profile and quality, and are particularly important when welding with or 
against gravity.  
Accurate manipulators and sensors are needed to maintain the quality and repeatability of the 
welding. Manipulators hold and move the work piece (as needed) to allow good access by the 
robot to the welded joint. Sensors, either contact or non-contact, transfer information from the 
robot, peripheral devices, and welding process to a controller. A contact sensor uses a probe to 
make direct contact with the work piece surfaces to identify the location and orientation of the 
surfaces, and thus be able to identify the intended location of the weld seam. Contact sensors are 
more economical and easier to use than non-contact sensors, however they cannot be applied to 
butt joints and thin lap joints. Throughout the welding process, the welding will stop and the 
contact sensor will touch down to contact multiple surface points. The number of times the 
welding process is stopped may vary and will depend on the complexity of the work piece 
surfaces as well as the required tolerances.  
Peripheral equipment enables robotic welding for work pieces that exceed the robot workspace. 
Peripheral devices include tracks, gantries, and columns. These devices allow for flexible 
reconfiguration of the robotic welding system from one project to the next. A track device 
supports the robot on a track, which allows movement of the robot along the track. A gantry 
device suspends the robot above the work piece, where multiple robots may be attached to a 
single gantry. A column device suspends the robot from a column and can be fixed, traveling, 
rotary, or rotary/traveling.  
 
Figure A-17. Illustration. Welding travel angle (adapted from Kitner, 2016). 
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Figure A-18. Illustration. Welding work angle (adapted from Kitner, 2016). 
 
Shields (1964), Shields (1966), Shields and Schmidt (1969) 
The OSD geometry and fabrication processes are outlined for the Poplar Street Bridge, the first 
major bridge in the United States with an OSD. Sverdrup and Parcel designed the Poplar Street 
Bridge, crossing the Mississippi River in St. Louis, in 1964. The OSD has trapezoidal ribs 
passing continuously through matching cut-outs in the floor beam webs. The OSD employs Type 
1A fillet-welded RFB connections without an extended cut-out below the rib. The deck plate has 
a minimum thickness of 9/16 inch. The rib has a thickness of 
5/16 inch. The floor beams are 30 
inches deep and spaced at 180 inches center-to-center. These dimensions are of interest to this 
project for developing the table of North American orthotropic bridge decks. 
The fabrication and erection of the steel superstructure was performed by Bethlehem Steel 
Corporation, and the construction of the bridge was completed in 1967. The plate for the ribs was 
flame-cut and then cold-bent to the trapezoidal shape. Automated SAW was used for the PJP 
RDP weld, which had specified 80 percent penetration. The floor beams were cut in pairs from 
welded plate girders and were fitted and manually welded to assembled rib-deck plate panels.  
Significant issues have been encountered with the performance of the wearing surface, although 
the fatigue performance of this OSD was adequate. 
Tang (2008) 
A fabrication process for longitudinal ribs of OSDs is proposed. The process uses hot-rolled ribs 
to allow for more complex rib geometry, to improve strength and increase rib span lengths. The 
proposed rib has thicker material at the bottom of the rib to improve the bending stiffness and 
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strength of the rib. The top of the rib is rolled with bevels (preparation for PJP RDP welds) to 
reduce fabrication effort. Additionally, using hot-rolled rib fabrication may reduce residual 
stresses that exist in cold bent ribs. No test or analysis results are presented for hot-rolled ribs in 
this document.  
Although hot-rolled ribs could allow for greater options for rib geometry, (Mangus 2014) 
suggests that hot-rolled ribs are more complicated and expensive to fabricate than cold-formed 
ribs. Manufacturers must have pre-made dies and rolls to hot roll a rib shape. Without 
standardized rib profiles, custom roll and dies would be a significant investment for fabrication 
of the ribs for a new OSD.  
Touran and Ladick (1989) 
The benefits of using OSDs for deck replacements are investigated. OSDs provide an alternative 
for concrete deck replacements, however applications have been limited due to the cost of 
production in traditional fabrication shops. The potential to increase the economy of OSDs by 
applying robotic welding is evaluated by comparing the effort of fabricating a typical OSD panel 
by conventional methods and robotic methods. 
A standard OSD panel, 8 feet by 40 feet in plan, with trapezoidal ribs, was used for the 
comparison. Drawings, specifications, and estimation sheets were sent to fabricators to request 
estimated welding man-hours per panel, other man-hours per panel, cost of welding 
consumables, and other material costs. From the responses of five fabricators, average values 
were calculated, which indicated that 26.4 man-hours per panel for welding by conventional 
methods could be reduced to 9 man-hours per panel using robotic welding at 75 percent 
efficiency.  
Welding equipment manufacturer ESAB assisted in developing an appropriate robotic welding 
system including: IRB G6 Industrial Type robot, LAH 500 R Welding Head, SmarTac sensing 
system, and Mec 44 R automatic wire feeder. The robotic system had integral tactile sensing, 
GMAW welding capabilities, and a track and boom system. Two positioning tables were 
included to facilitate the welding process. The panel components would be positioned for tack 
welding on the first positioning table while the assembled deck panel would be welded on the 
second positioning table. An estimated maintenance cost for the system was developed through 
customer surveys. Cycle times and production rates of the robotic system were estimated. Life 
cycle economic factors were considered with the estimated cost reported by the fabricators and it 
was determined that the fabrication cost could be reduced by 5.6 percent by using the robotic 
welding system. 
Additional benefits of using robotic welding may include reductions in rework and scrap, in 
accident claims, in welding consumable costs, and initial equipment investment risk. It was 
stated that the RDP weld and RFB weld were made using continuous robotic welding, however 
information about the weld parameters, positions, and procedures used for the continuous 
welding was not provided. 
A-29 
Touran and Okereke (1991) 
The in-service performance of OSD in the United States and Canada is presented. Information 
was collected using a survey and interviews with the responsible authorities, performed between 
January and August 1989. Information on twelve bridges with OSDs was compiled. Nine of the 
OSDs had closed ribs.  
The information shows that these existing OSDs have performed satisfactorily but the pavement 
posed significant problems. Given this observation, the focus of this document is OSD wearing 
surface performance. Other aspects are reported, however, including structural integrity and 
fatigue performance. Of the nine questions given in the survey, four were related to the wearing 
surface, two were related to the structural integrity, and three compared OSD with other bridge 
deck types. As shown in Table 5 and Table 6, the collected information was divided into three 
areas, (1) bridge location, age, and deck geometry; (2) weld and plate performance; and (3) 
wearing surface performance. 
Table A-5 provides the names of the nine bridges with closed ribs, the age of the bridge at the 
time of the survey, deck plate thickness and rib span, weld and plate performance, and whether 
the OSD had undergone major rehabilitation or replacement of its wearing surface. Among these 
bridges, the Queensway Bridge, Fremont Bridge, and Golden Gate Bridge had not experienced 
problems with weld and plate performance, cracks, or wearing surface maintenance. The Poplar 
Street Bridge experienced stiffener and diaphragm weld cracking in the girders after 18 years in-
service, however the cracking was related to details that would not be used in current practice. 
The OSD had not experienced weld failures. The Port Mann Bridge, Dublin Bridge, San Diego-
Coronado Bridge, and Throgs Neck Bridge had not experienced problems with weld and plate 
performance, but had undergone major rehabilitation of their wearing surfaces. Overall, the 
collected information shows that orthotropic decks require little maintenance, have long life, and 
have not had significant problems with corrosion and fatigue.
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Table A-5. Performance of West Coast OSDs with closed ribs (adapted from Touran and Okereke, 1991). 
Bridge Name and 
Location 
Age 
(years) 
Deck Plate 
Thickness 
(inches) 
Rib 
Span 
(feet) 
Weld or Plate 
Failure 
Corrosion 
Other 
Maintenance 
Major 
Rehabilitation/ 
Replacement of 
Surface Overlay 
Port Mann Bridge, 
British Columbia, 
Canada 
26 7/16 – 1/2 6.25 None 
Minor rusting 
repaired after 20 
years in-service 
Painted after 26 
years in-service 
Yes 
Dublin Bridge, 
Highway 680, 
Livermore, CA 
25 3/8 – 7/16 14 – 15 None None 
Deck expansion 
joints replaced after 
20 years in-service 
Yes 
Queensway Bridge, 
Long Beach, CA 
21 1/2 – 3/4 15 None None No maintenance No 
San Diego-
Coronado Bridge, 
SD, CA 
21 7/16 – 1/2 10 – 14 None 
Minor corrosion 
detected after 19 
years in-service 
Painted after 21 
years in-service 
No 
Fremont Bridge, 
Portland, OR 
17 1/2 11.21 None None 
Minimal 
maintenance 
No 
Golden Gate 
Bridge SF, CA 
5 5/8 25 None None None No 
Poplar Street 
Bridge, St. Louis, 
Missouri 
22 9/16 – 3/4 15 
Stiffener and 
diaphragm weld 
cracking in the girders 
repaired after 18 years 
in-service 
No corrosion 
detected after 15 
years in-service 
Eastbound deck 
repainted before 
resurfacing after 18 
years in-service 
Yes 
Creyt’s Road 
Bridge Interstate 
496 near Lansing, 
Michigan 
22 5/16 – 3/8 20 – 21 
Deck plate cracking 
due to overload after 
17 years in-service 
Deck plate 
rusting due to 
overlay cracking 
Painted after 17 
years in-service 
Yes 
Throgs Neck 
Bridge New York, 
New York 
6 1 20 – 28 None None 
Minimal 
maintenance 
Yes 
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Tsakopoulos and Fisher (2003), Kaczinski et al. (1997) 
The Williamsburg Bridge (New York City) test program was performed between 1995 and 1998 
and included fatigue testing of a laboratory prototype panel and field-testing on an as-built deck 
panel. The ATLSS Engineering Research Center at Lehigh University conducted the full-scale 
laboratory testing as well as subsequent field measurements. The OSD was designed by 
Steinman, Boynton, Gronquist, and Birdsall and the test panels were fabricated by Leonard 
Kunkin Associates. The tests were performed to verify the fatigue performance of the 
replacement OSD with realistic simulation of the boundary conditions, moving loads, and 
fabrication. The OSD had Type 2A RFB connections with ribs passing continuously through 
matching cut-outs in the floor beam web with an extended cut-out below the rib. The deck plate 
is 5/8 inch thick, and the trapezoidal ribs are 
3/8 inch thick. The floor beam web is 
5/16 inch thick 
and the floor beams are spaced at 240 inches.  
Two RFB connection weld options at the cut-out termination were considered and tested: (1) a 
fillet-welded RFB connection; and (2) an RFB connection with a combination of CJP groove 
welds and fillet welds. The fillet-welded connection had back-to-back fillet welds that terminated 
1/4 inch above the termination of the floor beam web extended cut-out, resulting in a crack-like 
lack-of-fusion condition. The combination-welded connection had a 4 inches long CJP weld 
which started at the termination of the extended cut-out on the rib wall, and transitioned to back-
to-back fillet welds that continued above the CJP weld to the deck plate. A 1 inch runoff tab 
below the end of the extended cut-out on the rib wall was included, and was ground off after the 
CJP was completed to produce a smooth transition. This transition minimized the stress 
concentration at the termination of the extended cut-out on the rib wall. The combination weld 
performed better than the fillet-welded connection and was consistent with the AASHTO BDS 
Fatigue Category C (AASHTO 2016). However, it required significant manual effort to grind the 
runoff tab to produce the smooth termination of the CJP weld. Some of the combination welds 
experienced fatigue cracking, which initiated at the weld toe on the floor beam web. These 
cracks propagated into the floor beam web when the web thickness was 5/16 inch while they 
propagated into the weld and adjacent rib wall when floor beam web thickness was 1/2 inch. 
A subsequent phase of fatigue testing of the fillet-welded RFB connection included repairing the 
cracks that initiated from lack-of-fusion at the extended cut-out termination by removing the 
cracks and providing a weld that wrapped around the cut-out termination. This welded detail had 
the same fatigue performance as the combination welded connection. An internal bulkhead plate 
was provided within the ribs in line with the floor beam web to minimize the out-of-plane 
distortion of the rib wall and to transmit forces in the floor beam across the rib opening. The 
fatigue tests reported in these documents showed how variation of the plate thickness and weld 
geometry, as well as the in-plane and out-of-plane components of stress, influenced fatigue crack 
development in RFB and rib-to-bulkhead connections. The consecutive phases of testing 
demonstrated the effectiveness of the design improvements that ultimately enhanced the fatigue 
resistance of the replacement OSD currently in service. 
Several OSDs designed in the United States incorporated the Williamsburg Bridge extended cut-
out geometry, including the Triborough Bridge in New York, the Alfred Zampa Memorial 
Bridge across the Carquinez Straits in California, and the Third Tacoma Narrows Bridge in 
Washington. 
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Tsakopoulos and Fisher (2002), Tsakopoulos and Fisher (2005) 
The OSD for the replacement deck of the Bronx-Whitestone Bridge in New York City was 
evaluated for fatigue resistance, primarily focusing on the RFB connection. The tests on the 
Bronx-Whitestone Bridge prototype OSD panel were performed between 2001 and 2002. The 
ATLSS Engineering Research Center at Lehigh University conducted full-scale laboratory 
testing, as well as field measurements. The OSD panel was designed by Weidlinger Associates 
Inc. of New York City and fabricated by Leonard Kunkin Associates. The design of the OSD, 
specifically the extended cut-out of the RFB connection, was influenced by the testing and in-
service performance of the Williamsburg Bridge. Unlike the internal bulkhead plate used within 
the rib at the RFB connection for in the Williamsburg Bridge OSD, internal rib wall stiffeners 
were used on each rib wall at each floor beam (similar to Figure A-4). The deck plate was 5/8 
inch thick and the trapezoidal ribs were 5/16 inch thick. The floor beam web was 
5/8 inch thick 
and the floor beams were spaced at 237 inches. Intermediate diaphragms centered between the 
floor beams (i.e., 118 1/2 inches from adjacent floor beams). The RFB connection was the Type 
3A RFB connection with a deep extended cut-out. The  weld at the RFB connection was a CJP 
weld with reinforcing fillet welds along the entire length of the connection.  
The only crack that developed during fatigue testing of the Bronx-Whitestone Bridge prototype 
OSD panel was in the deck plate at a floor beam that extended beyond the wheel load pads on 
the deck in tests that were conducted with higher axle loads. The tests showed that the RFB 
connection weld fatigue resistance was consistent with Category C, and demonstrated that the 75 
year design life for this OSD will be achieved. 
Verma et al. (2001) 
A comprehensive overview of steel bridge fabricators in Japan, Italy, Germany, and the United 
Kingdom is presented. The objective of the research was to assess steel bridge manufacturing 
outside the United States. Of interest was steel production, design, innovation, and fabrication. 
The following fabrication shops were visited: (1) in Japan, Matsuo Bridge Company and 
Yokogawa Bridge Corporation in Osaka, NKK Bridge Works in Tsu, and Kawada Industries, 
Inc. in Marugame; (2) in Italy, the Cimolai companies in Pordenone; (3) in Germany, the Federal 
Institute for Materials Research and Testing (BAM) and Krupp Stahlbau Berlin in Berlin; and (4) 
in the United Kingdom, Fairfield-Mabey in Chepstow, Wales.  
The document noted that the highest priority for advancing steel bridge fabrication was the need 
for developing and implementing computer integrated manufacturing (CIM) software. At the 
time of the research, the fabrication shops that were visited all used computer aided drawing 
(CAD) and computer aided manufacturing (CAM), however the software was not completely 
integrated. The use of CIM would allow a three-dimensional model of the steel bridge and its 
components to be modified according to the fabrication process to reflect shrinkage or distortion 
from one fabrication station to the next, allowing for virtual assembly verification. This type of 
CIM process would assist in the fit-up of RFB connections for OSDs. Additionally, 3D 
measurements could be included into the as-built 3D model to ensure accuracy. 
Laser and plasma cutters were used to mark and cut steel parts for bridge components. Each 
fabrication shop had equipment that was tailored to the type of bridge it produced most 
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commonly. Numerically-controlled equipment and robotic welding was used in every fabrication 
shop that was visited. Automated and robotic welding methods used internationally differed from 
those implemented in the United States. Submerged arc welding (SAW) was the most commonly 
used process for steel bridge fabrication in the United States, while SAW was the least 
commonly used process in the international fabrication shops that were visited. In these shops, 
automated welding processes including gas shielded flux cored arc welding (FCAW-G) and gas 
metal arc welding (GMAW) with either solid or metal cored electrode were most commonly 
used. Shielded metal arc welding (SMAW) and electro-slag/gas welding were also used. One 
notable robotic welding method that was observed is the high-speed, high-current rotating arc 
welding system, patented by NKK, which provides the robotic welder with electrical feedback 
for tracking. Heat straightening, commonly used in the United States, was not commonly used in 
the shops that were visited. None of the fabrication shops that were visited used robotic welding 
for the RFB connections of OSDs. 
Wolchuk (1999) 
An overview is provided on developments of OSDs with closed ribs in both the United States 
and Europe through the 1990s. These developments stem from in-service performance of early 
OSDs as well as laboratory fatigue tests. Both the AASHTO BDS (AASHTO 2016) and 
Eurocode 3: Design of Steel Structures (Eurocode 2006) were influenced by these findings. 
Details for closed- rib sections are presented.  
Research performed in Germany, Belgium, France, Italy, the Netherlands, and the United 
Kingdom, focused on closed-rib OSDs with three general geometries: (1) continuous rib with an 
extended cut-out below the rib; (2) continuous rib without an extended cut-out below the rib; and 
(3) discontinuous rib without cut-outs. The rib cross section geometries examined included 
trapezoidal, V, and round-bottom (U-shaped) ribs. Other parameters include depth and thickness 
of the floor beam web, thickness of the rib plate, wheel-load position, weld quality and the 
resulting residual stresses. Attributes of geometry (1) include easier rib fit-up and reduced 
restraint against rib rotation, however, large stresses are experienced around the periphery of the 
extended cut-out. Attributes of geometry (2) include poor fit-up and increased out-of-plane 
deformations and stresses in the floor beam web. Attributes of geometry (3) include poor fatigue 
resistance due primarily to misalignment. At the time this document was published, the extended 
cut-out geometry for a trapezoidal rib, according to the AASHTO BDS, was parallel to the rib 
shape, similar to the geometry shown in Figure A-8. The minimum cut-out depth, measured from 
the rib bottom to the cut-out termination, was specified as the minimum of 1/3 the rib depth and 3 
inches (75 mm). The extended cut-out geometry, according to Eurocode 3: Design of Steel 
Structures, had a flat bottom with rounded sides, similar to the geometry shown in Figure A-3, 
and a minimum cut-out depth of 15 percent of the rib depth. 
The tentative recommendations of this document suggest using either geometry (1) or geometry 
(2), when the floor beam depth is greater than three times the depth of the rib and the out-of-
plane rotation of the floor beam web is greater than 0.005 radians. Geometry (2), without the 
extended cut-out, is applicable when the floor beam is only two to three times the depth of the rib 
and floor beam web rotation is less than 0.005 radians. Additional recommendations include the 
use of a thicker deck plate and deeper V-shape ribs. An internal diaphragm within the rib is 
suggested to provide continuous support and reduce the high stresses experienced at the 
A-34 
connection based on designs of that time, however, this was not investigated in the studies 
described in the document.  
EN 1993-2 Eurocode 3: Design of Steel Structures – Part 2: Steel Bridges (2006) 
Eurocode 3: Design of Steel Structures (Eurocode 2006) include many tolerances and 
specifications for OSDs. Tolerances and fabrication specifications are available for the deck 
plate, closed and open ribs, deck splices, RDP welds, rib-to-rib splices and RFB connections.  
The deck plate flatness tolerance is L/1000, where L is the length of the plate. This tolerance 
includes shrinkage that occurs after application of welds. The tolerances for cold-formed ribs are 
shown in Figure A-13. An L/1000 out-of-straightness limit is specified for all types of cold-
formed ribs, where L is the length of the rib. The maximum over-width of the rib walls is +0.4 
inch. The maximum fit-up gap between the rib and floor beam web is 1/8 inch and the minimum 
throat thickness of the RFB connection weld is 1/16 inch. A visual inspection of 100 percent of 
the RFB connection welds is required.   
The maximum RDP weld fit-up gap, as previously discussed, is 0.08 inch and is not dependent 
on the thickness of the deck plate or rib wall. Macro-etch tests of the RDP weld are required for 
every 4,700 feet of deck produced. The thickness of the deck plate must be greater than or equal 
to the thickness of the rib wall.  
Additional requirements are specified to ensure that few weld discontinuities are created during 
fabrication. Limitations on porosity, undercut, poor fit-up, misalignment, inclusions and weld 
spatter are specified and are presented in Table A-6.  
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Table A-6. Supplementary weld requirements (adapted from Eurocode 3: Design of Steel 
Structures, 2006). 
Discontinuity Supplementary Requirement 
Porosity and gas pores Only singular small pores acceptable 
Localized (clustered) porosity Maximum sum of pores: 2 percent 
Gas canal, long pores No larger long pores 
Bad fit-up, fillet welds 
Transverse welds to be tested totally, small root 
reset only locally acceptable 
Undercut 
a) Butt welds, only locally acceptable 
b) Fillet welds 
Not acceptable where transverse to stress direction 
Undercuts have to be removed by grinding 
Linear misalignment of edges Maximum 0.08 inch; sharp edges to be removed 
Stray flash or arc strike Not acceptable outside fusion zone 
Multiple discontinuities in a 
cross section 
Not allowed 
Solid inclusions Not allowed 
Welding spatter 
Spatter and their heat affected zones to be 
removed 
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